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In Photosystem II (PS II), absorbed light energy is used to transfer electrons from 
water to a primary plastoquinone electron acceptor (QA) and then to the secondary 
plastoquinone acceptor (QB). A non-heme iron (NHI) is located between QA and QB and 
ligated by His residues from the D1 and D2 reaction centre protein; in addition, a 
bicarbonate ion forms a bidentate ligand to the NHI. Stabilisation of bicarbonate is 
provided by D2-Tyr244, D1-Tyr246 and the two water molecules, W622 and W582, 
through hydrogen bonds (PDB 4UB6). These two water molecules and amino acid 
residues around the bicarbonate-binding environment have been hypothesised to 
participate in stabilisation of a hydrogen-bond network for delivering protons via the 
bound HCO3- to the QB2-(H+) form of the secondary plastoquinone electron acceptor of 
PS II. The main purpose of this study was to investigate the importance of D2 and CP43 
amino acid residues in maintaining the hydrogen-bond network to provide the 
stabilisation of bicarbonate and their roles in the structure, electron transfer and 
protonation steps in the QA-NHI-QB complex of PS II. Mutations targeting four amino 
acid residues from D2 protein (D2-Glu242, D2-Thr243, D2-Tyr244 and D2-Lys264) and 
one amino acid residue from CP43 protein (CP43-Arg448) were selected. Nearly all 
mutants showed impaired oxygen evolution and were highly susceptible to photodamage 
in the presence of PS II-specific electron acceptors; however, they were able to acclimate 
to high light when HCO3– was added. In addition, acceptor side electron transfer was 
altered in these strains, with a decrease in the forward electron transfer between QA and 
QB, as well as the back reaction from QA, in the presence of the PS II-specific inhibitor 
3,4-dichloro-1,1-dimethyl urea (DCMU). Furthermore, all mutants except the D2-
Glu242 mutant exhibited the accumulation of unassembled complexes containing the 
CP43 subunit and an ineffective repair mechanism was also observed in these mutants 
that showed delayed protein synthesis following the high-light treatment based on 35S-
Met protein labelling experiments. This study indicated that the disruption of the 
hydrogen-bond network associated with the bicarbonate-binding environment impairs 
PS II assembly, electron transfer and also the repair mechanism of the photosystem 
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 Photosynthesis is used by plants, algae and certain bacteria to convert energy 
from sunlight into chemical energy. There are two types of photosynthetic process: 
oxygenic photosynthesis (where water is the electron donor) and anoxygenic 
photosynthesis (e.g., where H2S is the electron donor). In oxygenic photosynthesis — 
performed by plants, algae and cyanobacteria — light energy is converted to chemical 
energy by two different functional units called photosystem I (PS I) and II (PS II) that 
are linked by the cytochrome b6f (Cyt b6f) complex and mobile electron carriers, which 
are embedded in the specialised internal membrane called the thylakoid (Figure 1.1) 
(Govindjee, 2002). 
  When light is absorbed by chlorophyll, the energy transfers the electrons from 
water through a series of compounds that act as electron donors and electron acceptors, 
eventually reducing plastoquinone (PQ). Reduced PQ transfers electrons to PS I by 
passing through the Cyt b6f complex and a mobile electron carrier known as plastocyanin. 
Photosystem I transfers electrons to ferredoxin (Fd) through a series of membrane-bound 
iron sulfur proteins. In the final step, Fd reduces NADP+ to NADPH in the stroma (or 
cytosol in cyanobacteria) via the action of ferredoxin NADP reductase (FNR).  
The free energy released during the transport of electrons from one carrier to 
another in PS II allows protons to be pumped into the lumenal space thereby creating a 
proton gradient across the membrane, which establishes the proton motive force. This 
force is used to drive a membrane-located ATP synthase which is made up of a proton-
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conducting Fo unit and a catalytic unit F1 to catalyse the formation of ATP by 
phosphorylation of ADP with Pi. 
 To complete the photosynthetic process, a series of light-independent reactions 
utilise the ATP and NADPH generated by the light reactions for the fixation of carbon 
dioxide to produce carbohydrates via the Calvin-Benson Cycle (Figure 1.1). In addition 
to its role in fixing carbon, oxygenic photosynthesis incorporates water splitting by PS II 
resulting in the production of molecular oxygen which is the source of atmospheric 
oxygen. 
 
Figure 1.1. The electron transport chain and the Calvin-Benson cycle. Electrons derived 
from water oxidation are carried by PS II, Cyt b6f and PS I across the thylakoid 
membrane. ATP and NADPH generated by this process are used for the production of 
sugar via the Calvin-Benson cycle. The figure is adapted from Yamori et al. (2016).       
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1.2. The cyanobacterium Synechocystis sp. PCC 6803 serves as a model organism to 
study photosynthesis 
  Cyanobacteria are the only prokaryotes to perform oxygenic photosynthesis. The 
organisms first appeared approximately 3.5 billion years ago (Schopf and Parker, 1987; 
Lyons et al., 2014). Cyanobacteria are found in a wide range of ecosystems growing in 
fresh and saltwater, rock surfaces, soil, while tolerating extreme conditions in deserts and 
at the poles of the Earth (Whitton et al., 2012). The robustness of these organisms and 
their metabolic diversity has led to cyanobacteria being targeted for the production of 
biofuels and other high-value biotechnological compounds (Mazard et al., 2016).  
  Although cyanobacteria are one of the most prominent groups (over 1500 
species) of Gram-negative bacteria, only a limited number of strains have been used for 
physiological and genetics studies. Among these, Synechocystis sp. PCC 6803 (here 
after, Synechocystis 6803) , a unicellular cyanobacterium, was the first phototrophic 
organism to have its genome sequenced, and it was the fourth organism to have its 
genome completely sequenced (Kaneko et al., 1996).  
Synechocystis 6803 is naturally transformable incorporating exogenous DNA via 
double homologous recombination. Besides, Synechocystis 6803 can grow under many 
different physiological conditions (i.e., photoautotrophic, mixotrophic and 
heterotrophic) allowing characterisation of mutants in both PS I and PS II (Williams, 
1988). The total length of the genome is approximately 3.9 Mb including the circular 




1.3. Structure of Synechocystis sp. PCC 6803 
 Synechocystis 6803 are spherical and small (~ 1.5 m in diameter), with an outer 
membrane, peptidoglycan layer and a plasma membrane (cytoplasmic membrane). Like 
other prokaryotes, Synechocystis 6803 does not have a nucleus (or) other membrane-
bound organelles. In order to perform photosynthesis, they have their PS I and PS II 
photosynthetic complexes incorporated into the thylakoid membrane. Between the 
cytoplasmic and thylakoid membranes, lipid bodies, as well as 20% ribosomes, can be 
found. Nearly 70% of ribosomes are distributed in the central cytoplasmic region (Figure 
1.2). Besides these, carboxysomes, polyphosphate bodies, polyhydroxyalkanoates 
(PHA) granules and cyanophycin granules (less often) are also located inside the 
cytoplasm (van de Meene et al., 2006). 
 
 
Figure 1.2. Model of a cell of Synechocystis sp. PCC 6803. All cellular contents, 
including thylakoid membranes, ribosomes and carboxysomes, etc. are enclosed in 
distinct membrane layers.  
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1.4. Photosystem II 
1.4.1. Structure of Photosystem II 
  Photosystem II is a multi-subunit protein complex located in the thylakoid 
membrane, and the structure of the PS II complex was first solved by X-ray 
crystallography from Thermosynechococcus elongatus at 3.8 Å resolution in 2001 (Zouni 
et al., 2001). Over the years, the resolution has steadily improved with a significant 
breakthrough in 2011 when an atomic resolution was obtained by Umena et al. (2011) 
who worked with the cyanobacterium Thermosynechococcus vulcanus. The current 
model that is most widely used is protein data bank (PDB) 4UB8 at 1.95 Å resolution 
obtained by femtosecond X-ray pulses to minimise potential radiation damage (Suga et 
al., 2015). 
Photosystem II is found as a dimer with each monomer being approximately 350 
kDa. In PDB 4UB8, each monomer consists of 20 different protein subunits, 35 
chlorophylls, 2 pheophytins, 11  carotenes, more than 20 lipids, 2 plastoquinones, 2 
heme irons, 1 non-heme iron, 4 Mn atoms, 3-4 Ca atoms, 3 Cl- ions, 1 bicarbonate ion 
and more than 15 detergent molecules. Besides, more than 1300 water molecules are 
found in each monomer (Umena et al., 2011). 
Each monomer contains a core made up from proteins that form a reaction centre 
and a proximal antenna. The reaction centre proteins include D1 (PsbA – 39 kDa) and 
D2 (PsbD – 39 kDa) together with PsbE and PsbF (<10 kDa  and  subunits of Cyt 
b559) and the ~5 kDa PsbI subunit. The proximal antenna is formed by the chlorophyll a-
binding subunits CP47 (PsbB – 56 kDa) and CP43 (PsbC – 47 kDa). Surrounding the 
core are additional low-molecular-weight proteins (<10 kDa) PsbH, PsbJ, PsbK, PsbL, 
PsbM, PsbT, PsbX, PsbY and Psb30 which each have a single membrane-spanning helix 
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and PsbZ which consists of two membrane-spanning helices. The lumenal face of the 
photosystem also contains the hydrophilic PsbO (27 kDa), PsbU (10 kDa) and PsbV (12 
kDa) subunits (Figure 1.3).  
 
 
Figure 1.3. Crystal structure of Photosystem II from Thermosynechococcus vulcanus: 
The PS II structure was generated using PyMOL (Delano 2001) and PDB 4UB8 (Suga 
et al., 2015), Colour scheme is as follows, D1 (Red), D2 (Cyan), CP43 (Blue), CP47 
(Magenta), all intrinsic proteins along the thylakoid membrane (Green) and extrinsic 
proteins on the lumenal side (Brown). 
 
1.5. Biogenesis, assembly and repair of Photosystem II 
1.5.1. Biogenesis and assembly of Photosystem II 
Biogenesis of PS II occurs in a stepwise manner via the sequential addition of 
intermediates before forming the mature complex (Nickelsen et al., 2013). At present, 
although the arrangement of the PS II reaction centre D1 and D2 proteins along with the 
 
 7 
two chlorophyll-binding proteins, CP43, CP47, as well as other low-molecular-weight 
intrinsic and extrinsic proteins has been discovered, there remains a lack of 
understanding of how many PS II assembly factors participate in biogenesis since they 
are not present in the mature complex (Jarvi et al., 2015). 
  The primary step in PS II assembly is the formation of the reaction centre 
complex after the combining of the D2-Cyt b559 subcomplex with the D1 precomplex 
(Figure 1.4). D1 protein is derived from its precursor form (pD1) with the enzymatic 
removal of a C-terminal peptide by the CtpA (C-terminal processing protease) (Komenda 
et al., 2012). After D1 insertion into the membrane, the PratA protein is hypothesised to 
bind to the carboxyl end of the D1 protein (Klikert et al., 2004; Schottkowski et al., 2009) 
and also participate in the transport of Mn in the assembly of Mn4CaO5 cluster (Stengel 
et al., 2012). The assembly factor Ycf48 participates in the stabilisation of pD1, binds to 
D2 Cyt b559 complex and promotes the formation of the PS II RC assembly complex 
(Komenda et al., 2012). In recent studies, it appears Ycf48 maintains D1 in a competent 
state to optimise the incorporation of the Mn4CaO5 cluster of the oxygen-evolving 
complex (OEC) and the attachment of the lumenal proteins (Yu et al., 2018). 
  After formation of the PS II RC assembly complex, the reaction centre 47 pre-
complex (RC47 pre-complex) is formed by the insertion of CP47 accompanied by low-
molecular-weight proteins PsbX, PsbH, PsbI, PsbT, PsbM and Psb28 (Figure 1.4). In the 
next stage, CP43 along with PsbK, PsbZ and Psb30 binds to RC47 with the help of 
assembly factor Psb27 to form an inactive PS II monomer (Komenda et al., 2012).  
As noted above, each monomer of PS II contains 35 chlorophyll molecules and 
most of these are bound to the inner PS II antenna proteins CP47 and CP43 (Heinz et al., 
2016). Integration and insertion of chlorophyll into these subunits are still under 
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investigation. Although the assembly factor, Psb28, is assumed to participate in 
chlorophyll synthesis and biogenesis of CP47, the exact function of this protein is still 
unclear (Dobáková et al., 2009; Nickelsen et al., 2013).  
  The next steps are the assembly of the Mn4CaO5 cluster and photoactivation 
(Dasgupta et al., 2008) followed by dissociation of Psb27 (Liu et al., 2013). Upon the 
attachment of extrinsic proteins PsbO, PsbU, PsbV to the lumenal side of PS II, an active 
PS II monomer is formed, and this then dimerises to become the mature PS II dimer 
(Roose et al., 2008) (Figure 1.4). This final step is accompanied by the association of 
peripheral antenna systems, which in cyanobacteria consists of the phycobilisomes, that 
are attached to the core complex to form the PS II super-complex (Komenda et al., 2012).   
 It is assumed that the integration of cofactors like Mn, Ca2+, Cl- and non-heme 
iron must accompany protein synthesis and assembly (Becker et al., 2011). Besides, the 
insertion of pigments like carotenoids and chlorophyll occurs very early. The assembly 





Figure 1.4. Biogenesis, Assembly and Repair mechanism of PS II (Figure is prepared by 
Julian Eaton-Rye, unpublished). Gray arrows indicate the precursor complex for the 
biogenesis pathways, and orange arrows indicate the precursor complex for the repair 
mechanism. Green arrows represent the stages of biogenesis and repair processing. All 
major proteins are shown in green and other proteins (intrinsic, extrinsic proteins and 
assembly factors) are labelled. The first step of biogenesis is the formation of the RC 
complex after combination of D1pre-RC with D2-Cyt b559 complex. Then RC47 complex 
is formed after binding the RC with the CP47 pre-complex. This complex leads to the 
formation of an active PS II monomer after combining with the CP43 pre-complex and 
extrinsic proteins and then the monomeric PS II dimerises to become the active dimer. 
Figure 1.4. legend continued on next page, 
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 The PS II reaction centre, especially the D1 protein, gets damaged due to various 
conditions leading to degradation and replacement of the D1 protein with the help of an 
FtsH2/3 protease. In the model depicted in this figure, all other subunits dissociate from 
the PS II monomer and are either recycled or synthesised de novo to restore the pool of 
active PS II complexes.    
     
1.5.2. Damage to the Photosystem II complex 
 Light is the driving force for photosynthesis, but it can be harmful to the 
photosynthetic machinery (Powles, 1984). When the rate of damage exceeds the ability 
of the repair process, this condition leads to a reduction of photosynthetic activity called 
photoinhibition (Aro et al., 1993). Although great efforts have been made to explore the 
mechanism of photoinhibition, the relationship between biogenesis and the repair of 
photodamaged PS II is not yet clear. A widely accepted current model for photoinhibition 
is referred to as the Two-Step Photodamage Model (TSPM) (Figure 1.5) (Zavafer et al., 
2015). 
In the TSPM Model, light is initially absorbed by the Mn of the Mn4CaO5 
complex leading to a decline in water-splitting activity, and this can result in H2O2 
production, a long-lived ROS and also a precursor of hydroxyl radicals (Krieger et al., 
2005). This condition can affect protein synthesis and even lead to accumulation of the 
PS II reaction centre cation P680+ and Yz+, the oxidised form of the intermediate redox-
active tyrosine involved in electron transfer from the oxygen-evolving centre to P680+. 
The persistence of the highly oxidising P680+ and Yz+ can result in extensive damage to 
the protein environment surrounding the OEC and the reaction centre (Vass 2012) 




Figure 1.5. Two-step photodamage model, visible light can initially damage the OEC 
and then lead to damage of the reaction centre environment due to disturbances of 
electron flow from water to P680+ of the reaction centre.  
 
The second step in the TSPM model arises from the formation of the triplet 
excited state of chlorophyll in the compromised reaction centres. This is likely due to 
intersystem crossing between the singlet excited chlorophyll and the triplet state during 
impaired charge separation or by the charge recombination of the primary radical pair 
[P680+, Pheo-] where pheophytin (Pheo) is the primary electron acceptor of the reaction 
centre (Krieger et al., 2005, 2008; Vass 2011). This triplet chlorophyll can react with 
oxygen to form highly reactive singlet oxygen that further damages the reaction centre 
protein environment (Figure 1.6). Previous studies have indicated that singlet oxygen can 
directly damage the D1 and D2 reaction centre proteins (Trebst et al., 2002; Fufezan et 
al., 2007; Yadav et al., 2010). Besides, singlet oxygen can also inhibit the repair cycle 





Figure 1.6. The figure shows the sites of photoinhibition in the PS II complex. (i) 
Absorption of light by Mn from Mn4CaO5 leads to reduction of OEC activity and results 
in H2O2 production; (ii) Inactivation of OEC affects the accumulation P680+ and Yz+ , 
which are highly oxidizing radicals and results in extensive damage to the protein 
environment; (iii) Formation of triplet excited state of chlorophyll due to charge 
recombination of the primary radical pair of [P680+, Pheo-]; this can react with oxygen 
to form highly reactive singlet oxygen; (iv) QA- accumulation from the inhibition of 
forward electron transfer (or) QA- missing from its binding site can also be the source of 
superoxide production; (v) Reduction of PQ at the QB site and PQ pool favours the 
excitation back pressure and leads to the formation of triplet excited state of chlorophyll 





To overcome photoinhibition, cells possess self-protective mechanisms 
(Takahashi et al., 2011). One mechanism is that of phycobilisome-dependent non-
photochemical quenching in cyanobacteria which can rapidly quench the excited state of 
chlorophyll to prevent the formation of singlet oxygen as a result of excess absorbed 
excitation energy essentially dissipating the excess energy as heat. In addition, 
cyanobacteria (and plants) also minimise the presence of the potentially harmful radicals 
[P680+, Pheo-] by non-radiative charge recombination (Vass, 2012).  
1.5.3. Degradation of damaged D1 protein and repair cycle  
To maintain PS II activity, photosynthetic organisms have complex regulatory 
and repair mechanisms. Damaged D1 has to be removed and a repair cycle operates to 
establish the newly assembled PS II complex (Aro et al., 1993). There are several steps 
to perform the process. The major steps include the induction of a conformation change 
that favours the signals to remove the damaged subunit, monomerisation of PS II, partial 
disassembly of the PS II core monomer and degradation of damaged D1 (Nixon et al., 
2005). 
Thylakoid-bound FtsH protease (filamentation temperature-sensitive protein H) 
plays a crucial role in D1 degradation (Nixon et al., 2005). The current model indicates 
the FtsH complex, composed of FtsH2 and FtsH3, binds to the amino end of the damaged 
D1 by using ATP hydrolysis to pull the D1 protein into the enzyme's proteolytic chamber 
(Komenda et al., 2012). Following this, dissociation of various peripheral proteins and 
different subunits can occur (Figure 1.4).  
 After degradation of damaged D1, de novo synthesis of D1 occurs at the attached 
ribosomes of the thylakoid membrane (Nilsson et al., 1999) and then followed by re-
incorporation of different protein subunits including CP43, CP47 and D2 complexes 
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derived from de novo synthesis or intermediates from the degradative pathways. Next, 
light-driven assembly of the OEC and association of extrinsic proteins takes place 
(Komenda et al., 2012). At the final step, dimerisation occurs to form the PS II core dimer 
(as shown in Figure 1.4). Psb27 is assumed to participate in the Mn4CaO5 cluster 
assembly and the repair cycle of PS II (Nowaczyk et al., 2006). Besides, Ycf48 and FtsH 
protease are required for the repair process (Silva et al., 2003; Nixon et al., 2005). 
1.6. The function of Photosystem II 
  The major functions of PS II are light-driven oxidation of water to molecular 
oxygen and reduction of plastoquinone (Renger, 1973). The following redox components 
participate in the electron transport reactions from water to plastoquinone: the catalytic 
Mn4CaO5 cluster of the OEC, a tyrosine (Yz), the reaction centre pigments known as P680, 
two pheophytin molecules (Pheo) and two quinone molecules (QA and QB) (as shown in 
Figure 1.7). The reaction centre P680 is composed of 4 chlorophyll molecules bound to 
the D1 and D2 subunits, designated as PD1 and PD2 (a pair of chlorophyll) and ChlD1 and 
ChlD2 (a monomeric chlorophyll) (Cardona et al., 2012; Shen, 2015). From the crystal 
structure of the PS II from the Thermosynechococcus elongatus at 2.9 Å resolution, a 
third quinone designated as QC has been noted (Guskov et al., 2009). The QC site is 




Figure 1.7. Components and electron transfer reactions of PS II in cyanobacteria. When 
light (red arrow) is absorbed by chlorophyll, the excited energy removes the electrons 
from water to P680 via Yz (tyrosine residue of D1 protein) and then to Pheo D1 
(pheophytin on D1) to QA (bound plastoquinone at QA site on D2 protein) and transfers 
to QB (mobile plastoquinone at QB site on D1 protein); OEC is involved in removing 
electrons from water. TM is the thylakoid membrane. 
 
The flow of electron transfer is under the influence of several factors. One of the 
key factors is the distance between the components, which is determined by the 
orientation and position of the redox components established by the protein scaffolding 
of the complex. Another factor in controlling electron transfer is protein dynamics, which 
appears to play an essential role in the stabilisation of the primary charge separation and 
many other reactions within PS II (Moser et al., 1992).  
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1.6.1. Structure of oxygen-evolving centre  
  Light-driven oxidation of water is catalysed by the Mn4CaO5 cluster which is also 
known as the OEC. This complex is attached in a pocket that is bridged by residues from 
the D1 polypeptide and the core antenna protein CP43 at the lumenal surface of the 
thylakoid membrane. It is arranged in a distorted cubane core which includes 3 Mn ions 
(Mn1 to Mn3), four oxygen atoms (O1 to O3 and O5) and one Ca ion. The 4th Mn and 
4th oxygen atom are outside of the cubane core. Seven amino acids ligate this cluster, six 
residues from D1 protein (Asp170, Glu189, His332, Glu333, Asp342, Ala344) and one 
residue from CP43 subunit (Glu354) (Shen, 2015) (Figure 1.8). 
 
 
Figure 1.8. Structure and ligand binding environment for Mn4CaO5 cluster as revealed 
by the 1.95 Å crystal structure of PS II (Suga et al., 2015). Four manganese atoms are 
shown as purple spheres, 5 oxygen atoms are shown as red spheres and 1 calcium atom 
is shown as a green sphere. W1, W2, W3 and W4 are water molecules attached to the 
Mn4CaO5 cluster. Amino acid residues surrounding this Mn4CaO5 cluster are shown with 





Calcium is an essential cofactor in the OEC, and it has seven coordination bonds, 
3 are provided by 3 oxygen ligands (O1, O2, O5) and 2 ligands are provided by D1-
Ala344 and D1-Asp170. Another 2 ligands are provided by water molecules (W3 and 
W4) that are also hydrogen-bonded to the tyrosine residue (Yz) (Galstyan et al., 2012) 
(Figure 1.8). The bound calcium is regarded as playing a direct role in the catalytic 
activity of the OEC. It has also been observed that there is a reduction of OEC activity 
when substituting the calcium ion with strontium (Sr2+) (Shen, 2015).  
According to the 1.9 Å resolution structure, two chloride ions are found in the 
vicinity of the OEC. It is suggested that one chloride binding site is located at 6.6 Å from 
the Mn4 atom and the second chloride is at 7.5 Å from the Mn2 atom (Figure 1.9) 
(Gabdulkhakov et al., 2013). It also has four coordination bonds, two from two water 
molecules and two from nitrogen atoms of D1-Glu333 and CP43-Glu354. The role of Cl- 
seems to be an effect on water and/or proton removal during water oxidation (Bao et al., 






Figure 1.9. Location of two chloride binding sites along with the OEC structure; Two 
chloride ions are shown in yellow spheres, labelled as Cl- 1 and Cl- 2, which are 6.6 Å 
and 7.5 Å far from Mn4 and Mn2 atoms, respectively. The figure is generated using 
PyMOL (Delano 2001) and PDB 4UB8. 
 
1.6.2. Mechanism of the oxygen-evolving centre 
To produce one molecule of oxygen, four photochemical reactions are needed. 
The OEC exists in five oxidation steps, designated as S0, S1, S2, S3 and S4, according 
to the Kok model (Kok et al., 1970). A single flash extracts a single electron from water 
to get to a higher S state giving rise to the 5 transitions S0 to S1, S1 to S2, S2 to S3, S3 
to S4 and S4 to S0. Each transition causes manganese oxidation that is coupled to 
structural changes in the OEC and production (or release) of a proton apart from the S1 




Figure 1.10. Kok model (S state of OEC with different oxidation states of manganese), 
Photons are represented by orange arrows, electrons (yellow circles) and protons are 
released in different S states. Oxygen is produced after the S4 state.  
 
The original observations leading to the Kok model reported that maximum 
oxygen yield occurs on the 3rd flash rather than 4th flash. This is because the dark stable 
state is S1 and not S0 (Bao et al., 2016). The S4 state is very short-lived and rapidly 
moves to S0 after oxygen is released. The whole oxygen cycle produces one oxygen 
molecule and four protons into the inner water phase, transfer of electrons to Yz and on 
to P680+ and reduction of two molecules of PQ (Kok et al., 1970; Cardona et al., 2012). 
 2H2O + 2PQ + 4H
+
out+ 4hv           O2 + 2PQH2 + 4H
+
in (Govindjee et al., 2010) 
 Over the decades, although many different mechanisms are proposed for O-O 




1.6.3. Reduction of plastoquinone (The two-electron gate)  
  Reduction of PQ is one of the major functions of PS II, and it involves two PQ 
cofactors, QA (a bound plastoquinone at the QA site) and QB (a mobile PQ at the QB site). 
They play a key role in photosynthesis by linking electron transport to proton transfer 
across the photosynthetic membrane (Govindjee et al., 2010) (Figure 1.7). Complete 
reduction of PQ at the QB site occurs by addition of two electrons and two protons from 
the stromal or cytosolic phase. Therefore, two photochemical reactions are needed for 
this process. 
 In the first step, the primary quinone electron acceptor QA accepts an electron 
from the Pheo- that was created by charge separation following the absorption of a photon 
by P680. The reduced QA- then transfers its electron to a bound secondary plastoquinone 
(QB) to form the stable semiquinone anion. Upon absorption of a second photon the 
sequence repeats, but this time the doubly reduced quinol is formed (QBH2). Then QBH2 
is then released from the QB site, and a new PQ from a PQ pool replaces it to complete 






Figure 1.11. Steps for complete reduction of plastoquinone at the QB site by accepting 
two electrons from QA and two protons from the stromal or cytosolic side of the 
membrane and another plastoquinone from the plastoquinone pool replaces the PQH2 to 
complete the full cycle. Numbers 1 and 2 represent the sequential flash numbers. 
 
 For efficient electron transfer between QA and QB, a non-heme iron (Fe2+) is 
required. Based on the crystal structure of PS II at 1.9 Å (Umena et al., 2011), this non-
heme iron is provided with hexa-coordinated ligands, 2 ligands are supplied from D2 
histidine residues (D2-His268, D2-His214) and another 2 ligands from D1 histidine 
residues (D1-His272, D1-His215). In addition, a bound bicarbonate provides bidentate 
ligation (5th and 6th ligands) to the non-heme iron. This bicarbonate ion is stabilised by a 
hydrogen-bond connection with D2-Tyr244 and D1-Tyr246 and water molecules (as 




Figure 1.12. Stabilisation of non-heme ion and bicarbonate by the hydrogen-bond 
network in PS II. BCR represents bicarbonate, Fe is the non-heme iron, and red spheres 
indicate water molecules. The bicarbonate, QA and QB quinones are shown in cyan, D1 
residues are in yellow, D2 residues are in green. Oxygen atoms are shown in red and 
nitrogen atoms are shown in blue. Dashed black lines indicate hydrogen bonds with 
distances of 3.3 Å or less. The figure was generated using PyMOL (Delano 2001) and 
PDB 4UB6. 
 
1.7. Role of HCO3- in Photosystem II 
  A dependence on bicarbonate or the "Bicarbonate effect" in photosynthetic 
oxygen evolution was initially observed by Otto Warburg in 1958. He showed that 
oxygen evolution was significantly higher than the expected normal rate in Kohlrabi 
leaves in the presence of a high concentration of CO2.  
 In 1992, Wang and his colleagues (Wang et al., 1992) introduced the mutation in 
glutamate residue at position 234 of M subunit of Rb. sphaerioides that provides the 5th 
and 6th ligand to the iron atom in the bacterial reaction centre. They found out glutamate 
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is required to keep this iron in anoxygenic photosynthetic bacteria; however, in oxygenic 
photosynthesis, this glutamate is replaced by the bound bicarbonate ion. This 
replacement may be a critical factor for the transition from an anoxygenic photosystem 
into PS II that can split water (Cardona et al., 2019). This critical phenomenon has been 
a topic of intense research over several decades (Shevela et al., 2012). Although there is 
some progress in exploring these assumptions, no consensus has been reached yet. 
Over the years, the bicarbonate ion has been proposed to participate in both donor 
side reactions (water-oxidising complex or OEC catalysed water to oxygen, protons and 
electrons) and acceptor side of PS II (the reduction of plastoquinone to plastoquinol) 
(Ananyev et al., 2005; Shevela et al., 2012, McConnell et al., 2012). Besides, this HCO3- 
may play a role in protonation steps that are associated with QB reduction (Shevela et al., 
2012; McConnell et al., 2012; Saito et al., 2013; Zobnina et al, 2017 ).  
1.7.1. Bicarbonate and the donor side of Photosystem II 
As described above, bicarbonate is considered to be involved in the donor side of 
PS II. In 1973, Stemler and Govindjee proposed that HCO3- affects OEC by analysing 
the electron transfer changes in OEC-depleted broken chloroplast samples (Stemler et 
al., 1973). Klimov and his colleagues supported this idea by describing that the HCO3- 
ion is required for structure and stabilisation of OEC (Klimov et al., 1995; Baranov et 
al., 2004). Besides, Dasgupta’s group also mentioned that HCO3- ion seemed to facilitate 
the photoassembly of Mn4CaO5 by promoting the binding of Mn2+ to its binding site 
(Dasgupta et al., 2007, 2008). Although several studies have been done related to the role 




A lot of researchers have reported that there is no evidence of HCO3- binding in 
the donor side of PS II. As an example, Sproviero and colleagues showed that there was 
no relevant data that HCO3- is a structural part of the OEC according to computational 
models based on density functional theory and quantum mechanics/ molecular 
mechanics (QM/MM) (Sproviero et al., 2006). In addition, there was no evidence for a 
bound HCO3- at the donor side of PS II based on the crystal structure at resolution 1.9 Å 
(Umena et al., 2011).  
Nevertheless, there was a clue that mobile, exchanging HCO3- can participate in 
proton transfer during photosynthetic water oxidation reaction and this may affect the PS 
II donor side (Krishtalik, 1986; Ananyev et al., 2005; Koroidov et al., 2014). This idea 
was also supported by recent studies (Banerjee et al., 2019). In their studies, they showed 
that mobile HCO3- can participate in the proton transfer to restore the impaired function 
of PS II. To date, there is still limited information related to any bicarbonate effect on 
the donor side of PS II and further work is required.  
 1.7.2. Bicarbonate and the acceptor side of Photosystem II 
 In contrast, the understanding of the bicarbonate effect on the acceptor side of PS 
II has progressed throughout ongoing studies over many years (Shevela et al., 2012). 
Bicarbonate is hypothesised to play a role in the electron transport chain and protonation 
at the two-electron gate. Bound bicarbonate seems to be of critical importance in the 
regulation of electron flow at the acceptor side of PS II (Wydrzynski et al., 1975; Khanna 
et al., 1977; Shevela et al., 2008).  
Wydzynski and co-workers (Wydrzynski et al., 1975) showed that there was an 
enhanced initial rise of the chlorophyll a fluorescence transient in the absence of HCO3- 
ions of tris-washed spinach thylakoid membranes; this condition was reversed to give 
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normal kinetics after addition of 10 mM NaHCO3-. The observed fluorescence induction 
in the tris-washed and bicarbonate-depleted membranes was similar to the kinetics 
observed in the presence of DCMU (3-(3′ 4′-dichlorophenyl)-1,1-dimethylurea) that 
blocks the electron flow between QA and QB. Khanna and co-workers supported the 
above idea by showing a specific inhibition of electron flow on the PS II acceptor side 
in bicarbonate-depleted thylakoid membranes (Khanna et al., 1977). Besides, a specific 
inhibition between QA– to QB transfer was discovered in the bicarbonate depleted spinach 
thylakoid membranes (Eaton-Rye and Govindjee, 1988a; Eaton-Rye and Govindjee, 
1988b). Compared to HCO3- effects on donor side, the evidence of an HCO3- effect on 
the acceptor side is noticeable although a detailed mechanism is needed to explain this 
phenomenon.  
Recently Brinkert et al. (2016) found that bound HCO3- at the non-heme iron site 
moderated the redox potential of QA in isolated PS II complexes from pea plants. 
Moreover, this study showed that accumulation of reduced QA- triggers bicarbonate 
dissociation. Upon the release of bicarbonate, it led to slow electron transfer, reduction 
of water splitting and oxygen formation as well as changes in the midpoint potential of 




+•Pheo−• and favored the direct recombination pathway 
with P680
+, and this, therefore, minimised the production of singlet oxygen by preventing 
the formation of chlorophyll triplets that react directly with oxygen. These new 
observations accordingly suggest a role for bicarbonate in photoprotection in oxygenic 
photosynthesis. 
As mentioned above in the section 1.6.3, to complete the full reduction of PQ at 
the QB site, two protons from the stromal side are needed to form PQH2 at the QB site 
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(Figure 1.11). It had previously been hypothesised that bicarbonate could be playing a 
role through protonation of QB (Khanna et al., 1977; Eaton-Rye and Govindjee, 1986). 
Besides, in 1980, there was a quite remarkable result on the bicarbonate effect on 
protonation by measuring the proton release kinetics by absorption changes of neutral 
red in CO2 depleted spinach thylakoids (Khanna et al., 1980). They mentioned that proton 
release into the internal space was substantially reduced and there was no proton uptake 
by the PQ pool in HCO3--depleted samples. However, a detailed mechanism for the 
delivery of protons to QB- and QB2- is still to be discovered.  
In 2012, it was proposed that there were two protonation pathways for PS II, 
involving specific water molecules and bicarbonate in the 1.9 Å PS II structure (Shevela 
et al., 2012). It is assumed that the first proton from the cytosolic phase passes through 
D1-His252 and then D1-Ser264 to the mobile PQ at the QB site to form QB– (H+). The 
pathway for the second proton is believed to include bicarbonate, involving a hydrogen-
bond network to deliver the proton to D1-His272 and D1-His215 to form PQH2 at the 
QB site (Petrouleas et al., 2005; Cox et al., 2009; Shevela et al., 2012; Saito et al., 2013; 
Brinkert et al., 2016).  
This stabilisation of the bicarbonate ion in a proper position to the cytosolic side 
is provided by a direct hydrogen-bond connection with D2-Tyr244 and D1-Tyr246 and 
two water molecules (W582 and W622) (4UB6) (Takahashi et al., 2009; Shevela et al., 
2012).  
The first water molecule W622 also forms hydrogen bonds with D1-Glu244, D1-
Tyr246 and D1-Ser268. The second water molecule W582 is linked with D2-Thr243 and 
D1-Glu244 via a hydrogen bond. Again D1-Glu244 and D2-Tyr244 residues have a 
hydrogen-bond connection with D2-Lys264. This D2-Lys264 residue makes a direct 
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hydrogen bond with D2-Glu242 as well as D2-His268 that is one of the histidine residue 
participating in stabilisation of the NHI (as shown in Figure 1.13). In addition, D2-
Glu242 has a direct hydrogen-bond connection with CP43-Arg448. All of these amino 
acids are providing stabilisation of these water molecules to hold HCO3- in a proper 
position to the stromal or cytosolic side.  
 
 
Figure 1.13. Hydrogen-bond network around the bicarbonate-binding environment of 
PS II. In here, the CP43 residue is shown in grey. The colour scheme for the different 
molecules is same as Figure 1.12. Dashed black lines indicate hydrogen bonds with 




To understand the definitive role of bicarbonate, the introduction of mutations at 
these amino acids around the quinone-binding environment is an important topic to 
study. 
1.8. Aims of the study 
 As discussed earlier, the role of HCO3- in PS II is still under investigation. To 
have a better insight of the importance of HCO3- in PS II, this study focused on the role 
of D2 and CP43 amino acid residues in the hydrogen-bond network around the 
bicarbonate-binding environment.  
The first part of the project was to investigate the role of the D2-Tyr244 residue, 
which is directly hydrogen-bonded with bicarbonate. Mutations targeting this residue, 
were introduced to establish the influence of this amino acid on the structure of PS II and 
electron transfer reactions through PS II of cyanobacteria. Besides, it was expected that 
targeting this residue would increase the knowledge related to the role of the HCO3- ion 
in PS II.  
The second part of the project was related to the amino acid residues: D2-Glu242, 
D2-Thr243, D2-Lys264 and CP43-Arg448 in the hydrogen-bond network around the 
bicarbonate-binding environment. Introduced mutations targeting the acceptor-side of 
PS II in the vicinity of bound bicarbonate were anticipated to uncover new details 
regarding the unique role of bicarbonate in the acceptor-side electron transfer and 
protonation reactions, and potentially reveal the impact of bound bicarbonate on the 





Material and Methods 
2.1. Materials 
2.1.1. Chemicals 
All of the chemicals used in this study were analytical grade reagents. The 
chemicals were supplied by Agilent Technologies, USA; Agrisera, Sweden; AJAX 
chemicals, Australia; BioRad, USA; Chemservice, USA; Roche, Switzerland, Scientific 
supplies Ltd., New Zealand; Sigma-Aldrich Inc., USA; Thermo Fisher Scientific Inc., 
USA.  
2.1.2. Cloning vectors 
 In this study, pGEM®-T Easy cloning vector (Promega, Madison, WI, USA) was 
used to create single deletions to remove the psbDI, psbDII and psbC genes of 
Synechocystis 6803 and to create double deletions of these genes. For the construction of 
the control strain that contains native copies of psbDI and psbC genes, along with a 
selectable marker and various mutations introduced into psbDI and psbC the 
pJET1.2/blunt vector (Thermo Fischer, Waltham, MA, USA) was used. 
2.1.3. Antibiotic-resistance cassettes used in this study 
Laboratory pUC19 plasmid (Yanisch-Perron et al., 1985) containing the 
kanamycin-resistance cassette obtained by Oka et al. (1981), a chloramphenicol-
resistance cassette derived from pBR325 (Bolivar, 1978), a spectinomycin-resistance 
cassette derived from pHP42 were used.  
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2.1.4. Microbial strains 
2.1.4.1. Escherichia coli (E. coli) 
The competent cells DH5α of E. coli (Merck, Kenilworth, NJ, USA) was used as 
the primary strain to amplify the constructed plasmids DNA. 
2.1.4.2. Synechocystis sp. PCC 6803 
The wild type for this study was the glucose-tolerant GTO1 strain of 
Synechocystis 6803 (Williams, 1988; Morris et al., 2014). The control and the mutants 
used in the current study were constructed in the Synechocystis 6803 GTO1 strain 
background.  
2.2. Methods 
2.2.1. General Techniques 
Standard microbial sterilisation techniques were used in this study. Media and 
reagents were prepared by using Milli-Q water (Millipore, Burlington, MA, USA) with 
a resistivity of 18.2 MΩ at 25 ˚C. Standard autoclaving conditions (121 ˚C, 15 psi, 20 
min cycle) were performed. When necessary to maintain sterile conditions, the required 
steps were carried out using a laminar flow hood. All the stocks of E. coli and 
cyanobacteria strains were kept in a -80 ˚C freezer. All the enzymes, their buffers, and 






2.2.2. Mutant generation 
2.2.2.1. Mutagenesis PCR 
 To introduce the point mutations in the desired gene, the primers were created 
using a QuikChange II site-directed mutagenesis PCR design 
(https://www.agilent.com/store/primerDesignProgram.jsp). All primers are listed in 
Table 2.1. Then mutagenesis PCR reactions were in 50 μL volumes containing 39.25 μL 
of ddH2O, 5 μL of 10 X Pfu Ultra Buffer, 1.25 μL of dNTP mix (10 mM), 1.25 μL of 
each of the forward and reverse mutagenic primers (10 μM) (Table 2.1), 1 μL template 
DNA (100 ng L-1), 1 μL PfuUltra High Fidelity DNA Polymerase (2.5 U L-1) (Agilent, 
Santa Clara, CA, USA). PCR reactions were performed in a thermocycler (Eppendorf, 
Hamburg, Germany) according to the cycling conditions shown in Table 2.2. 
 After mutagenesis PCR reactions, the restriction enzyme DpnI was used to 
remove the parental DNA strand. One microlitre of 20 U L-1 of DpnI enzyme was added 











Table 2.1. Primers used in QuikChange II site directed mutagenesis 
No Primer Primer sequence (5’ – 3’) 
1 CP43-R448A-US GTTTGAAAAAGGTATTGACGCGGAAACGGAACCCACGTTG 
2 CP43-R448A-DS CAACGTGGGTTCCGTTTCCGCGTCAATACCTTTTTCAAAC 
3 CP43-R448D-US GGGTTTGAAAAAGGTATTGACGATGAAACGGAACCCACGTTGTTC 
4 CP43-R448D-DS GAACAACGTGGGTTCCGTTTCATCGTCAATACCTTTTTCAAACCC 
5 CP43-R448K-US GGTTTGAAAAAGGTATTGACAAGGAAACGGAACCCACGTTGT 
6 CP43-R448K-DS ACAACGTGGGTTCCGTTTCCTTGTCAATACCTTTTTCAAACC 
7 CP43-R448P-US GAAAAAGGTATTGACCCGGAAACGGAACCCACG 
8 CP43-R448P-DS CGTGGGTTCCGTTTCCGGGTCAATACCTTTTTC 
9 CP43-M1K-US GAGGTTCTCCCCCGCGGTAACGCTCTCTA 
10 CP43-M1K-DS TAGAGAGCGTTACCGCGGGGGAGAACCTC 
11 D2-H336Q-US CCCCAAGATCAACCCCAAGAAAACTTTATCTTCCC 
12 D2-H336Q-DS GGGAAGATAAAGTTTTCTTGGGGTTGATCTTGGGG 
13 D2-Y244A-US GTTAGCGGTCACCATGGAAGCGGTTTCTTCTGCTTGGGTG 
14 D2-Y244A-DS CACCCAAGCAGAAGAAACCGCTTCCATGGTGACCGCTAAC 
15 D2-Y244F-US TAGCGGTCACCATGGAAAAGGTTTCTTCTGCTTGG 
16 D2-Y244F-DS CCAAGCAGAAGAAACCTTTTCCATGGTGACCGCTA 
17 D2-Y244H-US GCGGTCACCATGGAATGGGTTTCTTCTGCTTGG 
18 D2-Y244H-DS CCAAGCAGAAGAAACCCATTCCATGGTGACCGC 
19 D2-E242A-US TCACCATGGAATAGGTTGCTTCTGCTTGGGTGGG 
20 D2-E242A-DS CCCACCCAAGCAGAAGCAACCTATTCCATGGTGA 
21 D2-K264A-US GAAGAAGTGCAACCACCGCGCGTTGGAGAAAGCAATACCG  

















Table 2.2. Thermocycling conditions for site-directed mutagenesis PCR 
Stage Cycle Temperature Time 
1 1 cycle 95 ˚C (Initial denaturation) 30 s 
2 16 cycles 95 ˚C (Denaturation) 
55 ˚C (Annealing) 






2.2.2.2. Agarose gel electrophoresis 
 To confirm the DpnI-digested PCR product, agarose gel electrophoresis was 
performed by using 0.8 % agarose in TBE buffer containing 89 mM Tris, 89 mM boric 
acid, 2 mM EDTA (pH 8). For sample preparation, 2 µL of total PCR product, 2 L of 
loading dye and 6 L of water was used. To identify the approximate size of the products, 
1 L of 1 kb plus DNA ladder (Invitrogen, Carlsbad, CA, USA) with appropriate PCR 
buffers, loading dye and water was run alongside PCR products at 100 V for 50 min. 
Then gels were stained in 0.25 g mL-1 ethidium bromide dissolved in Milli-Q water for 
10 min. Gel images were captured using the Gel Doc XR+ gel documentation system 
(Bio-Rad, Hercules, CA, USA). Then, the reaction mixture was used to immediately 
transform the competent E. coli DH5α cells by the process described in section 2.2.2.5.  
2.2.2.3. E. coli growth conditions 
 E. coli were grown in the liquid culture (lysogeny broth or LB) containing 1% 
bactotryptone, 0.5% yeast extract, 1% NaCl. For solid agar plates, 1.5% agar was added 
in liquid media. The cultures were grown in the appropriate antibiotics at a final 
concentration of: ampicillin (25 μg mL-1), kanamycin (50 μg mL-1) and spectinomycin 
(50 μg mL-1) in the 37 ˚C growth room. 
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2.2.2.4. Preparation of DH5 competent cells of E. coli for heat shock 
transformation 
 A single colony of DH5 was inoculated into 10 mL of LB medium in a Falcon 
tube and grown overnight at 37 ̊ C on the shaker. Then 1 mL of the overnight culture was 
transferred into 100 mL pre-warmed ψB medium (2% bactotryptone; 0.5% yeast extract; 
10 mM potassium chloride (KCl); 34 mM magnesium sulfate (MgSO4); adjusted to pH 
7.6 with potassium hydroxide (KOH) (sterile 34 mM MgSO4 added after autoclaving) 
and allowed to grow at 37 ˚C on shaker until the OD at 600 nm reaches 0.3 to 0.4. The 
culture flasks were kept on ice for 5 min and then the cells were transferred to two chilled 
50 mL Falcon tubes. These cells were harvested by centrifugation using a JS 7.5 rotor at 
2957 g for 10 min and the pellet was resuspended in 15 mL of chilled transformation 
buffer I (TfBI) solution and the centrifugation step was then repeated. TfBI solution 
contains 30 mM potassium acetate (CH3CO2K); 100 mM KCl; 10 mM CaCl2; 50 mM 
MnCl2; 15% glycerol; pH adjusted to 5.8 with 0.2 M acetic acid (CH3COOH). Following 
the second centrifugation the pellet was resuspended gently in 2 mL of chilled TfBII 
solution (10 mM 3-(N-morpholino) propanesulfonic acid (MOPS); 75 mM CaCl2; 10 
mM rubidium chloride (RbCl2); 15% glycerol. The TfBI and TfBII solutions had been 
filter-sterilised after preparation and stored at 4 ˚C. Two hundred microlitres of 
resuspended cells were aliquoted into 1.5 mL centrifuge tubes and snap-frozen using 
liquid nitrogen and stored at -80 ˚C.  
2.2.2.5. Heat shock transformation of E. coli  
 E. coli transformation was performed using heat-shock transformation method 
(Van Die et al., 1983). Competent cells were thawed on ice for 10 min. Then, the cells 
were transformed with plasmids (~ 1 - 3 g DNA) in a volume of 20 L, mixed gently 
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and incubated on ice for 30 min. The cells were then heat shocked at 37 ˚C for 2 min and 
kept on ice for 3 min. One millilitre of LB media was added into the cells and incubated 
at 37˚C room on the shaker for 90 min. After incubation, the cells were then concentrated 
by centrifuging (12 000 g for 30 s) and 200 μL of sterile LB liquid medium was added 
to resuspend the pellet. One hundred microlitres of cells were then plated on LB agar 
plates containing selective antibiotics and incubated overnight at 37 ˚C.   
2.2.2.6. Plasmid extraction from E. coli 
 To extract the plasmid from E. coli, a single colony from a transformed culture 
was added to 2 mL of liquid LB medium with appropriate antibiotics and grown 
overnight at 37 ˚C. Then, plasmids from E. coli were extracted using the alkaline lysis 
method (Plasmid isolation lab protocol). One and a half milliliters of overnight culture 
were transferred into a microfuge tube and centrifuged for 30 s at 12 000 g and the 
supernatant was aspirated off. Then, 100 L of solution 1 (50 mM glucose, 25 mM Tris 
(pH 8), and 10 mM EDTA) with 2 mg mL-1 of lysozyme was added and the pellet 
resuspended and kept at room temperature for 5 min before placing on ice for a further 5 
min. Then 200 L of solution 2 containing 0.2 M NaOH and 1% SDS was added, mixed 
thoroughly, and the sample was again placed on ice for 5 min. Following this, 150 L of 
solution 3 (3 M potassium acetate, 2 M glacial acetic acid) was added to the sample, and 
after a further 5 min on ice, the sample was collected by centrifugation for 5 min at 12 
000 g.  
The supernatant was transferred into a new microfuge tube and 100 L of 1:1 
chloroform/TES-equilibrated phenol mixture was added to precipitate the protein and 
cell debris via centrifugation for 5 min at 12 000 g. Then, 300 L of supernatant was 
transferred into new tubes, mixed with 180 L of 100% isopropanol and allowed to stand 
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for 10 min at room temperature followed by centrifugation for 10 min at 12 000 g. The 
cell pellet was washed with 800 L of 70% ethanol and centrifuged for 1 min at 12 000 
g. Next, the pellet was dried using a 37 ˚C heat block for 10 min. Finally, 1 mL of TE 
buffer with 20 g mL-1 of RNAase A was added to resuspend the DNA followed by 
restriction digestion to check the plasmid size. 
2.2.2.7. Restriction enzyme digestion 
 After extraction of plasmid from E. coli, restriction enzyme digestion was 
performed to check the correct size of the plasmid’s DNA. Restriction enzymes obtained 
from either Roche (Switzerland) or New England Biolabs (USA) were used to digest 
plasmids. Enzyme reactions were in a 10 μL final volume containing 1 μL buffer and 1 
μL restriction enzyme, 0.5 μg of DNA and water. It was performed at 37 ˚C for an hour 
according to the enzyme manufacturer’s instructions. The digested products were 
checked by running agarose gel electrophoresis (section 2.2.2.2). 
2.2.2.8. Quantification of DNA 
DNA concentration was ascertained using a 1 μL volume of the sample measured 
with a Nanodrop ND-2000 UV-Vis spectrophotometer (Bio-Rad, Hercules, CA, USA). 
2.2.2.9. Sanger sequencing 
The plasmids were also checked by Sanger sequencing to confirm the introduced 
point mutation. DNA sequencing was performed by the Genetic Analysis Service 
(Department of Anatomy, University of Otago, New Zealand) using a 3730xl DNA 
Analyser (Applied Biosystems, USA). Sequencing samples were prepared according to 
their instructions in a final volume of 5 L containing primer (3.2 pmol. 5 µL-1), plasmid 
(200 ng 5 µL-1) and water. DNA sequences were analysed using SnapGene software 
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(GSL Biotech LLC, Chicago; https://www.snapgene.com) and Geneious® version 11.1 
software (Biomatters Ltd, Auckland, NZ; http://www.geneious.com). After confirming 
by Sanger sequencing, the plasmid DNA was ready to use for cyanobacterial 
transformation or stored in a microfuge tube at -20 ˚C for further use. 
 
Table 2.3. Sequencing primers for control, D2 and CP43 mutants 
Number Primer Primer sequence (5’ – 3’) 
1 PsbDI/C-US-Forward CTCCACGAAGCGGGCAAACAAGTGG 
2 PsbDI/C-DS-Reverse CATGGGGTGTACAAGATGAACAGGT 
3 PsbDI/C-Sequence 1 CAGACCCTCACTAGCCTCAGTCAT 
4 PsbDI/C-Sequence 2 GCTGGTTCCAAATCGGTGGTTTGTGG 
5 PsbDI/C-Sequence 3 CTTTATCTTCCCTGAGGAGGTTCTC 
6 PsbDI/C-Sequence 4 CTGTATTTCCGGTGGTATCTGGCA 
7 PsbDI/C-Sequence 5 GGAACCCACGTTGTTCATGCCTGAC 
 
 
2.3. Growth conditions of Synechocystis sp. PCC 6803 
All strains were maintained on BG-11 medium plates, which contain 5 mM 
glucose, 20 µM atrazine, 10 mM TES-NaOH (pH 8.2), 0.3% sodium thiosulfate and 
appropriate antibiotics (Eaton-Rye, 2011). The strains were re-streaked on fresh plates 
every 14 -16 days throughout the studies. All of the strains were also stored in the -80 ˚C 
freezer in BG-11 medium containing 15% glycerol. As required, liquid cultures were 
grown mixotrophically (with 5 mM glucose) in BG-11 medium with the appropriate 
antibiotics. All agar plates and liquid cultures were grown in a dedicated growth room, 




Figure 2.1. Image of Synechocystis sp. PCC 6803 liquid culture growing in a modified 
Erlenmeyer flask and on a solid agar plate 
 
100× BG-11 (Blue green medium without iron, phosphate and carbonate) – 1.76 M 
sodium nitrate (NaNO3); 30.4 mM magnesium sulfate heptahydrate (MgSO4.7H2O); 24.5 
mM calcium chloride dihydrate (CaCl2.2H2O); 2.86 mM citric acid (C6H8O7); 0.22 mM 
disodium ethylenediaminetetraacetic acid NaEDTA (pH 8.0); 10% trace minerals (v/v).  
Trace minerals  – 46.26 mM boric acid (H3BO3); 8.9 mM manganese chloride 
tetrahydrate (MnCl2.4H2O); 0.77 mM zinc sulfate heptahydrate (ZnSO4.7H2O); 0.32 mM 
copper sulfate pentahydrate (CuSO4.5H2O); 0.17 mM cobalt nitrate hexahydrate 
(Co(NO3)2.6H2O); 1.61 mM sodium molybdate dehydrate (Na2MoO4.2H2O).  
BG-11 liquid medium – 1× BG-11; 6 μg mL-1 ferric ammonium citrate (C6H8FeNO7); 
20 μg mL-1, sodium carbonate (Na2CO3); 30.5 μg mL
-1 dipotassium hydrogen 
orthophosphate (K2HPO4).  
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BG-11 liquid medium (pH 7.5) – 1× BG-11 medium described above and then adjusted 
to pH 7.5 with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid/sodium 
hydroxide (HEPES/NaOH).  
 










30 mg mL-1 
50 mg mL-1 
50 mg mL-1 
20 mM 
15 g mL-1 
25 g mL-1 
25 g mL-1 
20  
Make in ethanol, -20 ˚C 
Filter and sterile, 4 ˚C 
Filter and sterile, 4 ˚C 














Table 2.5. Synechocystis sp. PCC 6803 strains used in this study 
































































Double D2 mutants 
CP43-mutant 
D2-mutant and CP43 
start codon change  
Lab strain 
Nicol (2014) 
Zhong (2018), This study 
Zhong (2018), This study 
Zhong (2018) 
Zhong (2018) 
Zhong (2018), This study 
Zhong (2018), This study 
Zhong (2018), This study 
Zhong (2018), This study 
Zhong (2018) 
This study 












2.3.1. Transformation of cyanobacteria  
 Cells were grown in liquid culture to an optical density at 730 nm (OD730 nm) 
between 0.5 to 0.8. Then, they were harvested by centrifugation using a JS 7.5 rotor at 
2957 g for 10 min and resuspended in 2 mL of BG-11 medium and the concentration of 
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cells adjusted with medium to give an OD730 nm of 2.5. Then, 10 L of plasmid 
(containing ~ 3 - 5 µg DNA) was added and cells were left to stand in the growth room 
for 3 h and then they were placed on a shaker for another 3 h. After 3 h, 5 mM glucose 
was added to the cells and they were allowed to grow overnight on the shaker. To identify 
transformants, 250 L of the cells were spread on BG-11 plates containing the 
appropriate antibiotics (Eaton-Rye, 2011). When new colonies started growing on the 
plates, a single colony was transferred to a fresh plate, and then re-streaked every 5 days 
for at least 3 or 4 times to ensure segregation of the introduced mutation into all copies 
of the genome. 
2.3.2. Colony PCR for segregation check 
For confirmation of the complete segregation after cyanobacterial transformation, 
colony PCR was performed by using the primers number 1 and 2, as shown in Table 2.3. 
The whole cells were dissolved in  L of water by vortex and then they were used to 
provide a template. The reactions were done in 0.2 mL microfuge tubes containing 12.5 
L 2X KAPA plant PCR buffer, 0.75 L each of the forward and reverse primers (10 
M), 0.2 L of KAPA 3G plant DNA polymerase, 0.75 L of 25 mM MgCl2, 0.5 L of 
template DNA, 9.55 L of PCR grade water (Sterile filtered, autoclaved water). PCR 
reactions were performed in a thermocycler (Eppendorf, Hamburg, Germany) according 
to the cycling conditions shown in Table 2.6. 
Following colony PCR, PCR products were checked on an agarose gel (section 






Table 2.6. Thermocycling conditions for colony PCR with KAPA 3G  
Stage Cycle Temperature (˚C) Time 
1 1 cycle 95˚C 10 min 












4 1 cycle 72˚C 10 min 
  
 
2.3.3. PCR product purification for sequencing 
PCR products were purified using GenepHlowTM Gel/PCR Kit (Geneaid 
Biotech Ltd., Taiwan) as per the manufacturer’s instructions and DNA quantification 
was obtained using a nanodrop spectrophotometer (section 2.2.2.8). Confirmation of the 
introduced mutation was obtained by Sanger di-deoxy sequencing (section 2.2.2.9). 
2.4. Physiological characterisation  
2.4.1. Photoautotrophic growth measurements 
Cells were grown in liquid culture for 2 to 3 days, harvested by centrifugation 
using a JS 7.5 rotor at 2957 g for 10 min and then resuspended in 50 mL of BG-11 
medium. This centrifugation step was repeated 3 times to remove all traces of glucose 
from the culture. After that, 2 mL of BG-11was added and the pellet resuspended and the 
OD at 730 nm was measured. To set up the photoautotrophic growth curve, 150 mL of 
medium was added to a 250 mL modified Erlenmeyer flask (Figure. 2.1) together with 
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appropriate antibiotics; cells were then added to give an initial OD730 nm of 0.05 (Eaton-
Rye, 2011). Cells were then grown in the dedicated growth room and the OD at 730 nm 
was measured every 24 h until 168 h. Doubling time was calculated by using the 
following equation (Powel, 1956):  
Doubling time = (Duration*ln(2))/(ln(OD48/OD0)) 
Duration: 48 h, ln: Natural logarithm, OD48: OD at 730 nm after 48 h, OD0: OD at 
730 nm at the starting point 
2.4.2. Cell preparation and chlorophyll a measurement  
To obtain cultures for physiological experiments, cells were grown in liquid 
culture in the growth room to an OD730 nm of 1. Then, cells were harvested in 250 mL 
Nalgene bottles by centrifugation in a JS 7.5 rotor at 5000 g for 10 min. The pellet was 
resuspended in 50 mL of BG-11 (pH 7.5) (BG-11 liquid medium buffered with 
HEPES/NaOH to pH 7.5). The centrifugation step was repeated to wash the cells. After 
the wash step, the pellet was diluted in 5 mL of BG-11 (pH 7.5) and the chlorophyll 
concentration measured. 
For chlorophyll a determination in whole cells, 10 L of cell suspension was 
mixed with 990 L of 100 % methanol (990 L of 80 % acetone for thylakoid samples) 
and centrifuged at 16 000 g for 5 min. The absorbance of the supernatant was then 
measured at 663 nm. Chlorophyll a concentration was calculated by using the following 
formula: 
Concentration (chlorophyll a) (μg mL-1) = (A663/82) x (dilution factor) x 1000 
Then, the cells were prepared by diluting with the BG-11 (pH 7.5) to get the 
required chlorophyll a concentration. The prepared samples were placed in the growth 
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room to acclimatise for 30 min at constant illumination (30 μmol photons m-2 s-1) with 
moderate stirring.  
2.4.3. O2 evolution measurement and photodamage assays  
To assess the oxygen evolution for the strains, cells were prepared according to 
section 2.4.2. A Clark-type oxygen electrode (Hansatech, King’s Lynn, U.K.) was used 
at 30 ˚C, employing a recirculating water bath. The electrode calibration was done by 
determining the voltage generated by the oxygen electrode with air-saturated water, and 
the voltage generated by the oxygen electrode with sodium dithionite treated water. One 
millilitre of samples at a chlorophyll a concentration of 10 µg mL-1 was added into the 
reaction chamber of the oxygen electrode, and then it was measured using a saturating 
light (~ 5000 μmol photons m-2 s-1 red light) by an FLS1 light source (Hansatech, King’s 
Lynn, U.K.) equipped with a 580 nm bandpass sharp cut-off glass filter (Melles-Griot, 
Carlsbad, CA, USA). The oxygen concentration in the chamber was determined using an 
oxygen electrode control box (Hansatech, King’s Lynn, U.K.) and recorded by a 
computer. Photosystem II-specific oxygen evolution was measured in the presence of 
200 µM of the artificial electron acceptors 2,6 dichloro-1,4-benzoquinone (DCBQ) or 
2,5 dimethyl-p-benzoquinone (DMBQ), both in the presence of 1 mM potassium 
ferricyanide K3Fe(CN)6. For whole-chain oxygen evolution measurements, 15 mM 
sodium bicarbonate was used (Luo et al., 2008).  
The maximum rate of oxygen evolution (μmol O2 (mg Chl a)-1 h-1) was calculated 
by using the following formula. 
    =
(0.235 µ𝑚𝑜𝑙 𝑂2𝑚𝐿
−1) ∗ (𝑠𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒) ∗ (60 min ℎ−1) ∗ (𝑠𝑙𝑜𝑝𝑒 𝑚𝑉 𝑚𝑖𝑛−1)
[𝑚𝑉 (𝑎𝑖𝑟 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑒𝑑) − 𝑚𝑉 (𝑠𝑜𝑑𝑖𝑢𝑚 𝑑𝑖𝑡ℎ𝑖𝑜𝑛𝑖𝑡𝑒 𝑡𝑟𝑒𝑎𝑡𝑒𝑑)] ∗ 𝐶ℎ𝑙 𝑎(𝑚𝑔/𝑚𝐿)
 
To determine the light sensitivity of these mutants, photodamage and recovery 
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assays were carried out. Samples at 10 µg mL-1 of chlorophyll were exposed to high-
intensity white light at 2000 µmol photons m-2 s-1 using a Kodak Ektalite 1000 slide 
projector for 45 min followed by low-intensity white light at 30 µmol photons m-2 s-1 for 
135 min, provided by metal halide bulbs as in Luo et al. (2008). In these assays, oxygen 
evolution was measured at 15 min intervals by using the artificial electron acceptor 
DMBQ with K3Fe(CN)6 or by using sodium bicarbonate at the concentrations given 
above. Besides, high light sensitivity was also performed after the addition of 500 µg 
mL-1 of lincomycin after the T0 measurement before switching on the light to analyse 
the susceptibility of photodamage in mutants and after 45 min of high light intensity to 
evaluate the protein synthesis during the recovery process. 
2.4.4. Low temperature (77 K) fluorescence emission spectroscopy 
A modified MPF-3L fluorescence spectrometer (PerkinElmer, Waltham, MA, 
USA) equipped with a custom-made liquid nitrogen Dewar was used to measure the 
fluorescence emission at 77 K. Cells were prepared according to section 2.4.2 to get 2.5 
µg mL-1 chlorophyll, and they were transferred into a thin glass tube (internal diameter 
4 mm, external diameter 6 mm) then it was snap-frozen using liquid nitrogen. 
Measurements were done following excitation at 440 nm using the excitation 
(monochromater slit width 12 nm) and emission slit width of 2 nm. For the excitation 
wavelength at 580 nm, the excitation slit and emission slit were set at 8 nm and 2 nm, 
respectively. Data were collected between 580 nm and 780 nm for 440 nm excitation and 
between 600 nm and 780 nm for 580 nm excitation (Jackson et al., 2014). In each case, 
the scan rate was 100 nm min-1. A program in R (Appendix 4) was used to process the 
data. To normalise the spectra, baseline subtraction and normalisations to the emission 
maximum of phycocyanin at 650 nm, Photosystem I (PS I) peak at 725 nm and the whole 
area under the emission curve were performed. 
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2.4.5. Variable chlorophyll a fluorescence measurement 
An FL-3500 fluorometer (PS I instruments, Brno, Czech Republic) was used to 
measure variable chlorophyll a fluorescence induction and decay kinetics. Changes in 
the yield of chlorophyll fluorescence when photosynthetic material was transferred from 
dark to light were first observed by Kautsky and coworkers (Kautsky and Hirsch, 1931). 
This condition is due to the reduction of QA in the photosynthetic pathway (Stirbet and 
Govindjee, 2011).  
To measure fluorescence induction, samples at 5 µg mL-1 chlorophyll were 
prepared according to section 2.4.2, and they were dark-adapted for 5 min. Then, the 
samples were exposed to a continuous blue actinic light (455 nm) at 1250 µmol photons 
m-2 s-1 for 10 s to excite PS II. Fluorescence was measured by using a blue measuring 
flash (BMF, 455 nm) or red measuring flash (RMF, 625 nm), (each with a 3 s duration), 
at a specific time point for a total duration of 10 s in the presence or absence of 3,4 
dichloro-1,1-dimethyl urea (DCMU) at 40 µM. Blue measuring flash was used for direct 
excitation of chlorophyll a and red measuring flash targeted for the excitation of 
phycobilisome. Initial fluorescence (Fo) value was determined by taking the four BMF 
or RMF, pulses spaced 200 ms apart, before the commencement of the actinic light 
(Jackson et al., 2014). 
For fluorescence decay experiments, one or more short, high intensity, saturating 
actinic flashes were applied to the samples after being dark-adapted to excite PS II 
reaction centre instead of using a continuous light as in the fluorescence induction 
measurement. To determine the rate of chlorophyll a variable fluorescence decay after 
one actinic flash, a single-turnover saturating actinic flash (455 nm) at 2500 µmol 
photons m-2 s-1 with 30 µs duration was applied to the samples followed by a sequence 
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of measuring pulses for 60 s. For the different treatments to the cell, 40 µM DCMU (or) 
15 mM sodium bicarbonate and/or 25 mM sodium formate were added to the samples 
after 4 min of dark adaptation. Initial fluorescence (Fo) value was determined by taking 
the four BMF or RMF, pulses spaced 200 ms apart, before the commencement of the 
actinic flash. 
For the chlorophyll a variable fluorescence measurement after the multiple 
actinic flashes, two or three or five actinic flashes with a spacing of 1 s (1 Hz) or 200 ms 
(5 Hz) were given to the samples after dark-adaptation period. 
2.4.6. Chlorophyll a fluorescence decay kinetic analysis 
In fluorescence decay kinetic analysis, there are three components: a fast phase 
for electron transfer from QA– to QB, an intermediate phase for PQ exchange, and a slow 
phase for recombination with the donor side. Kinetic analyses were performed according 
to Vass et al. (1999) by using the following formulas. 
In the absence of DCMU, 
F(t) – Fo =A1exp(-x/T1) + A2exp(-x/T2) +A3/(1+x/T3) 
In the presence of DCMU, 
F(t) – Fo = A2exp(-x/T2) +A3/(1+x/T3)+C   
Where F(t) is the variable fluorescence yield during the time course 
measurement, Fo is the initial fluorescence level before the commencement of actinic 
flash, A1-A3 are the amplitudes of each phase, T1 and T2 are the first and intermediate 
phase time constants from which the half-life times can be calculated via t1/2 = (ln (2)*Tn) 
for the exponential components, T3 is a slow phase half-time for the hyperbolic 
component and C is the constant in the presence of DCMU.   
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2.4.7. Isolation of thylakoid membranes  
Thylakoid extraction was performed as described in (Rokka et al. 2005) with 
modifications. Cells were grown in 1 L culture flasks to an OD730 nm of 1 and harvested 
by centrifugation at 8000 g for 10 min at 4 ˚C. Cells were resuspended in 40 mL of cell 
wash buffer containing 50 mM HEPES-NaOH (pH 7.5), 10 mM MgCl2, 20 mM CaCl2, 
1 mM 6-amino caproic acid, 1 mM phenylmethyl sulfonyl fluoride and 2 mM 
benzamidine. This washing step was repeated. The cells were broken in disruption buffer 
(which comprised cell wash buffer with the addition of 800 mM sorbitol and 1 M betaine 
monohydrate) by a mini-bead beater (Biospec, Bartlesville, OK, USA) using 0.1 mm 
zirconia beads (Biospec, Bartlesville, OK, USA) for five breaking cycles of 20 s agitation 
and 20 s resting on ice.  
Glass beads were removed by centrifugation at 2000 g for 2 min at 4 ˚C, and 
unbroken cells were removed by centrifugation at 8000 g for 5 min. Thylakoid 
membranes were collected by centrifugation at 25 000 g for 1 h at 4 ˚C using 10 mL 
Beckman ultracentrifuge tubes in a 75 Ti rotor (Beckman-Coulter, Brea, CA, USA) 
followed by resuspension in disruption buffer and collection at 25 000 g for 25 min at 4  
˚C. Isolated thylakoids were frozen in liquid nitrogen and stored in solubilisation buffer 
containing 25 mM Bis Tris-HCl (pH 7.0), 20% glycerol and 0.25 mg mL-1 Pefabloc 
(Sigma-Aldrich, St Louis, MO, USA) at -80 ˚C. 
2.4.8. Blue native polyacrylamide gel electrophoresis  
BN-PAGE was carried out according to the (Kügler et al. 1997). Thylakoid 
membranes at 0.5 mg mL-1 chlorophyll were solubilised in solubilisation buffer 
containing 3% -dodecyl maltoside (Anatrace, Maumee, OH, USA) and incubated on 
ice for 5 min followed by centrifugation at 16 000 g for 15 min to remove insoluble 
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material. Then, samples containing 0.2 g L-1 chlorophyll in a final volume of 28 L 
were mixed with 10 L of sample buffer (50 mM Bis-Tris, 6 M HCl, 10% glycerol, 50 
mM NaCl, 0.001% Ponceau S) and 3 L of 5%  Serva G. Ten microliters of sample 
mixture (~ 1.3 g of chlorophyll) were loaded onto each lane of precast 3–12% or 4–
16% Bis-Tris gradient gels (Life Technologies, Carlsbad, CA, USA) and run at 4 ˚C and 
80 V for 1 h in the presence of 1× dark blue cathode buffer (0.2% (w/v) Coomassie G-
250, 5 mM BisTris, 5 mM Tricine (pH 6.8)) and anode buffer (5 mM BisTris, 5 mM 
Tricine (pH 6.8)), followed by 100 V for 30 min and then a further 6 h at 150 V in the 
presence of 1× light blue cathode buffer (0.02% w/v Coomassie G-250, 5 mM BisTris, 
5 mM Tricine (pH 6.8)). 
On completion of the gel run, the gels were destained in distilled water overnight 
at 4 ˚C and were scanned using an Image Scanner III colour scanner (Epson, Suwa, 
Nagano, Japan).  
2.4.9. Sodium dodecyl polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS PAGE was performed according to the modified protocol described in 
(Schagger and Vonjagow. 1987). To run SDS-PAGE, the isolated thylakoid samples 
(0.25 μg chlorophyll) were mixed in a sample buffer including 62.5 mM Tris-HCl (pH 
6.8), 2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.05% bromophenol blue and 
incubated for 15 min at 65 ˚C. Samples were loaded on a 4% stacking gel, and 12% 
separating gel, and run in a buffer containing 20 mM Tris-HCl (pH 8.3), 200 mM glycine 
and 0.1% SDS at 200 V for 50 min. After that, the proteins were transferred to 
nitrocellulose membrane and run in an electroblot buffer containing 25 mM Tris, 192 
mM glycine, 20% methanol and 0.1% SDS at 75 V for 1 h at room temperature and then 
probed by four different antibodies (i.e., against D1, D2, CP47 and CP43). 
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Immunodetection of the proteins by western blotting was done as described in section 
2.4.9. 
4% stacking gel - 125 mM Tris-HCl (pH 6.8), 0.1% SDS, 665 μL of 40% acrylamide, 
0.1% ammonium persulfate (APS), 0.1% tetramethylethylenediamine (TEMED)  
12% resolving gel - 375 mM Tris-HCl (pH 8.8), 4 mL of 40% acrylamide, 0.1% SDS, 
0.1% APS, 0.1% TEMED 
2.4.10. Western blotting  
Western blotting was carried out at 4 ˚C. The gels, including polyvinylidene 
difluoride membrane (PVDF membrane), Whatman filter paper and scotch pad were 
soaked in electroblot buffer containing 25 mM Tris, 192 mM glycine, 20% methanol for 
10 min. Then the PVDF membrane was soaked in methanol for 1 min to improve the 
transfer and protein binding. For the assembly of the transfer apparatus, the gels were set 
as the “sandwich” assembly in the following sequence of order; the scotch pad, 3 mm 
Whatman filter paper, gel, PVDF membrane, the second 3 mm Whatman filter paper and 
the second scotch pad.  
The transfer was done in the electrophoresis gel tank and ran using the electroblot 
buffer with constant gentle stirring at 35 V for 16 h. Once the transfer was completed, 
the transfer sandwich was disassembled, and the membranes were destained in 100 % 
methanol followed by two washes with Milli-Q water. Next, the membranes were 
incubated in Blot-O (4% (w/v) bovine serum albumin (BSA), 0.02% sodium azide, 0.137 
M NaCl, 2.7 mM KCl, 25 mM Tris (pH 7.4)) at room temperature for 1 h to prevent non-
specific interactions and then the membranes were washed in Milli-Q water two times, 
with each wash lasting 10 min. 
To develop the western blot, membranes were probed with protein-specific 
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primary antibodies against the D2, CP47, CP43 and PsaA proteins at 4 ˚C for 16 h. For 
the D1-specific antibody, the incubation time was 12-13 h. All primary antibodies were 
purchased from Agrisera (Vännäs, Sweden) and diluted 1:5000 for the D1 and D2 
antibodies, 1:2000 for CP47 and PsaA antibodies, and 1:3000 for the CP43 antibody in 
TBS buffer (0.137 M NaCl, 2.7 mM KCl, 25 mM Tris-HCl (pH 7.4)), 1% BSA and 
0.02% sodium azide. After incubation with primary antibodies, the membranes were 
washed with TBS buffer including 0.1% Tween 20 for 3 separate times (5 min, 5 min 
and 15 min), then incubated with a freshly prepared secondary antibody (anti-rabbit IgG 
peroxidase, (Sigma-Aldrich, St Louis, MO, USA)) diluted to 1:20 000 in 50 mM Tris-
HCl (pH 7.5), 150 mM KCl, 3% (w/v) bovine serum albumin, on a shaker for an hour 
followed by three 5 min washes in TBS buffer including 0.1% Tween 20 as described in 
(Whitehead et al. 1979). Finally, the membranes were incubated in enhanced 
chemiluminescence reagents (1:1 ratio of Reagent A and Reagent B, (Abcam, 
Cambridge, U.K.)) for 1 min and proteins were visualised by using an Odyssey® Fc 
Imaging System (LI-COR Biotechnology, Lincoln, NE, USA). 
2.4.11. Two-dimension gel electrophoresis (2D gel electrophoresis) 
The desired individual lane from a BN-PAGE gel was excised and incubated in 
1X LDS sample buffer containing 62.5 mM Tris-HCl (pH 8.5), 2% lithium dodecyl 
sulfate, 0.125 mM EDTA, 8.25% glycerol, 3.125 mM Serva G-250, 0.1 mM bromphenol 
blue and 50 mM DTT at 70 ˚C for 12 min. Then, solubilised lanes were applied into 2D 
precast NuPAGE 12% Bis-Tris gels (Life Technologies, Waltham, MA, USA) and 
coated with 0.6% agarose gel prepared in a running buffer, then followed by the addition 
of 1 L of precision plus protein™ dual-colour standards ladder (Bio-Rad, Hercules, CA, 
USA) into the ladder lane. The gel was run at 200 V for 1 h in a 1X MES running buffer 
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containing 50 mM MES, 54 mM Tris-HCl, 0.1% SDS and 1 mM EDTA at 4 ̊ C according 
to the Nu-PAGE™ Bis-Tris mini gel running protocol (https://www.thermofisher.com).  
Following the gel electrophoresis, the gels were fixed with 50% methanol, and 
7% acetic acid for 30 min then stained with Coomassie Brilliant Blue R-250 (25% 
isopropanol; 10% acetic acid; 0.05% Coomassie brilliant blue R250) for an hour and 
destained with 30% methanol and 10% acetic acid (three times for 20 min each) followed 
by washing with Milli-Q water for multiple times to get a clear background. Then, gels 
were scanned using an Image Scanner III colour scanner (Epson, California, USA).  
2.4.12. Mass spectrometry analysis 
Spots were excised from the 2-dimensional gels using a Pasteur pipette and sent 
for mass spectrometry analysis by the Centre for Protein Research (Department of 
Biochemistry, University of Otago, New Zealand). Samples were digested with 
chymotrypsin and analysed by LC-MS-based protein profiling using nanospray LTQ-
Orbitrap XL mass spectrometry. Proteins were identified using sequence database 
dependent search engines such as MASCOT and SEQUEST.  
2.4.13. 35S protein labelling experiment 
For protein labelling experiments, cells were prepared according to the section 
2.4.2. Then, samples at 10 µg mL-1 of chlorophyll in a final volume 40 mL were exposed 
to a high white light intensity at 2000 µmol photons m-2 s-1 for 45 min and then 10 Ci 
mL-1of 35S-methionine (Perkin Elmer Inc., Boston, MA, USA) was added into the high 
light treated samples and then 2 mL of samples were collected at T45 and T0 minutes 
(before the high light intensity), T10, T30 and T120 minutes after high light intensity. 
Then the samples were centrifuged at 16 000 g for 1 min. After completely discarding 
the supernatant, the cell pellets were snap-frozen in liquid nitrogen and stored at -80 ˚C 
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or immediately used for thylakoid extraction.  
2.4.14. Isolation of thylakoid membranes from the 2 mL volumes of photodamaged 
samples 
The high-light treated radiolabeled cells were centrifuged at 16 000 g for a 
minute, and the pellet was resuspended in a buffer containing 25 mM MES buffer (pH 
6.5), 10 mM CaCl2, 10 mM MgCl2, 40% glycerol, 1 tablet of protease inhibitor cocktail 
(Roche, Basel, Switzerland). After that, 200 L glass beat (Biospec, Bartlesville, OK, 
USA) were next added to disrupt the cells by using a mini-bead beater (Biospec, 
Bartlesville, OK, USA) for three breaking cycles of 20 s agitation and 20 s resting on ice. 
Glass beads and unbroken cells were removed by centrifugation at 1200 g for 1 min. 
Then thylakoid membranes were collected by centrifugation at 16 000 g for 15 min at 4 
˚C followed by resuspension in resuspension buffer. 
2.4.15. Thylakoid membrane solubilisation from photodamaged cells, BN-PAGE 
and 2D gel electrophoresis 
Radiolabelled isolated thylakoid samples with 2 g of chlorophyll was 
solubilised in an equal volume of 0.5% DDM and placed on ice for 1 min. The samples 
were then centrifuged at 16 000 g for 15 min at 4 ˚C and the supernatants were mixed 
with 0.6% Serva Blue G250 (Serva, Heidelberg, Germany). Then, the mixture was 
loaded onto precast 4–16% Bis-Tris gradient gels (Life Technologies, Carlsbad, CA, 
USA) and run at 4 ˚C as in section 2.4.8 followed by 2D-gel electrophoresis (section 
2.4.11).  
2.4.16. Visualisation of radiolabelled proteins from 2D and BN-PAGE gels 
Gels with radiolabelled samples (2D and BN-PAGE gels) were pretreated in gel 
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drying solution containing 30% (v/v) methanol and 5% glycerol for 20 min to minimise 
the cracking of the gel during the gel drying process. Then these gels were sandwiched 
into two layers of cellophane which were also soaked in gel drying solution for 2 min 
and assembled on a base between two open frames for 12 h to dry the gels (Figure 2.2A). 
These dry gels were exposed to a Dupont Cronex intensifying screen lightning plus 
exposure cassette (Sigma-Aldrich, St Louis, MO, USA) (Figure 2.2B) with an 
autoradiographic film (Kodak, Rochester, NY, USA) for 12-48 h at -80 ˚C.  
 
 
Figure 2.2. Preparation for autoradiography A, Drying the 2D radioisotope gel in the 
two layers of cellophane and assembled on a base between two open frames B, Exposing 
the dried 2D gels into the Dupont Cronex intensifying screen lightning plus exposure 
cassette (Sigma-Aldrich, St Louis, MO, USA) before adding an autoradiographic film. 
 
Autoradiograph films were developed by using the different processing solutions 
in the dark room. The film was first placed in a developer (ILFOTEC LC29, 1:9 
dilutions) and agitated briefly to remove the air bubbles. The developing time is based 
 
 55 
on the developer temperature (Ideal temperature range -20 ˚C to 24 ˚C) and an 
autoradiograph film should be left in the developer for 8 min if it is within temperature 
range.  ILFOTEC LC29 diluted developer can be reused for 7 - 8 times but the developing 
time should be increased 1 min for every time to compensate the loss of developer 
activity. It was then processed with the stopper (ILFOSTOP, 1:9 dilutions for 2 min), 
Fixer (ILFORD fixer, 1:4 dilutions for 10 min) and rinsed with water for 3 min followed 
by film drying (Serman, 2000; ILFORD Technical information, 2018). All the reagents 
were purchased from Harman Technology limited, England. 
2.4.17. Autoradiograph 2D western blot procedure 
Confirmation of the major protein spots that appeared in the autoradiographic 
film was also performed by a western blot procedure. Radiolabelled thylakoid membrane 
solubilisation, BN-PAGE and 2D gel electrophoresis were done according to section 
2.4.15. For the autoradiograph 2D western blot procedure, instead of drying the gel, the 
gels were transferred to a PVDF membrane and run at 30 V in an electroblot buffer 
containing 25 mM Tricine, 25 mM Bis-Tris, 1 mM EDTA and 10% methanol (according 
to Nu-PAGE 2D gel transfer buffer) for 30 min. Then radio-labelled membranes were 
probed with protein-specific antibodies for PsaA, D1, D2, CP47, and CP43, then, 
immunodetection of the proteins by western blotting was done as in section 2.4.9. Next, 
the membranes were also dried and exposed to a Dupont Cronex intensifying screen 
lightning plus exposure cassette (Sigma-Aldrich, St Louis, MO, USA) with an 
autoradiographic film (Kodak, Rochester, NY, USA) for 12-48 h and processed 
according to the procedure in section 2.4.16. 
2.4.18. Thermoluminescence measurements 
Thermoluminescence (TL) was measured with a home-built apparatus (Vass et 
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al., 1992) at the Biological Research Centre, Szeged, Hungary. Liquid cultures were 
grown in sterile conical flasks in a low CO2 cabinet with a rotary shaker at 30 ˚C. The 
light intensity during the growth was 30 µmol photons m-2 s-1. Cells were prepared 
according to section 2.4.2 to get 5 µg mL-1 chlorophyll and then 30 µg (6 mL of cells) 
were transferred to filter paper and preilluminated with white light for 30 s at room 
temperature.  
For the measurement, the sample was cooled down in darkness to -10 ˚C using a 
custom-made liquid nitrogen tank and then given a single actinic flash by a xenon flash 
bulb. For multiple flash-induced TL experiments, different numbers of actinic flashes 
were given at this step (i.e., 2F, 3F, 4F, 5F and 6F). After excitation of the samples, the 
samples were cooled to -40 ˚C and TL was detected at a heating rate of 20 ˚C min-1 up 
to 80 ˚C. Where indicated, 60 µM DCMU was added to the sample after giving a single 
actinic flash.  
2.5. Whole-genome sequencing 
2.5.1. Genomic DNA extraction from Synechocystis 6803 for whole genome 
sequencing 
The gDNA extraction protocol was adapted from the protocol of Prof. Jack 
Meeks’ lab (Microbiology section, the University of California at Davis) 
http://microbiology.ucdavis.edu/meeks/xpro5.htm. A liquid culture of Synechocystis 
6803 was grown in a 500 mL volume using two modified Erlenmeyer flasks (Figure 2.1). 
When the sample OD at 730 nm reached 1.5, 600 mL of culture were harvested by 
centrifuging at 5000 g (JS 7.5, Beckman rotor) for 5 min. Then, 200 mL of 5 M sodium 
chloride (NaCl) was added to wash the pellet twice for the removal of the 
polysaccharides. The pellet was resuspended in 1 mL of TE buffer (10 mM Tris-HCl pH 
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8, 1 mM EDTA) and 1 mL of lysozyme (20 mg mL-1) (Sigma-Aldrich, St Louis, MO, 
USA) and the sample was incubated at 37 ˚C for 1 h followed by addition of 0.5 mL of 
0.5 M EDTA (pH 8.0).  
To digest the proteins, 1 mL of proteinase K solution (2 mg mL-1) (Roche, Basel, 
Switzerland) and 100 L of 20% SDS were added and incubated at 37 ˚C for 1 h. 
Following this step, 1/6
th 
volume of 5 M NaCl and 1/8
th volume of 
cetyltrimethylammonium bromide (CTAB) solution (10 % CTAB, 0.7 M NaCl) were 
added to precipitate the proteins and cell debris, and the sample was heated to 65 ˚C for 
10 min. The sample was then centrifuged at 10 000 g for 10 min at room temperature to 
precipitate the pellet. Following this step, a 1:1 chloroform solution was added into the 
supernatant to extract the nucleic acid and the sample centrifuged at 5000 g for 5 min. 
The supernatant was transferred into the new 15 mL Falcon tube, and the DNA was 
precipitated by using 2X volume of 95% cold ethanol followed by centrifugation at 10 
000 g for 5 min.  
The pellet containing the precipitated DNA was dried and dissolved in 500 μL of 
TE buffer and 2 μL of 10 mg mL-1 RNase A (Thermo Fischer, Waltham, MA, USA) was 
added. The sample was then incubated at 37 ˚C for 30 min to degrade RNA. This step 
was followed by extraction with an equal volume of phenol: chloroform mix by inverting 
the tubes for 5 min and spinning for 5 min. The upper aqueous phase was transferred into 
the new tube and repeated this phenol: chloroform extraction step for 5 times to get the 
clear upper phase. Then this upper phase was transferred into the new tube and the DNA 
was precipitated for a second time by adding a 1/10th volume of 3 M sodium acetate (pH 
5.2) and 2X volume of 95% ethanol. After that, the samples were incubated at -20 ˚C for 
1 h, followed by centrifugation at 12 000 g for 10 min at 4 ˚C. The DNA pellet was 
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washed with 70% cold ethanol, and the pellet was dried in a heat block at 37 ˚C for 10 
min. Finally, the DNA pellet was dissolved in 250 μL of TE buffer. The DNA 
concentration was obtained using a nanodrop spectrophotometer (section 2.2.2.8) and 
run on an agarose gel (section 2.2.2.2) to check DNA integrity.  
2.5.2. DNA purification for whole-genome sequencing  
Then, extracted DNA was purified using a genomic DNA clean and concentrator 
TM kit (Zymo Research, Irvine, CA, USA) as per the manufacturer’s instructions and 
DNA quantification again carried out using a nanodrop spectrophotometer (section 
2.2.2.8). The final genomic DNA sample was then sent to the Otago Genomics Facility, 
New Zealand for whole-genome sequencing. 
2.5.3. Whole-genome sequencing and analysis 
Whole-genome sequencing of the control strain was carried out by using an 
Illumina Miseq® platform at the Otago Genomics Facility, New Zealand. The Illumina 
Truseq DNA library kit was used. Reads from Illumina sequencing were analysed using 
Geneious® version 11.1 software (Biomatters Ltd, Auckland, NZ; 
http://www.geneious.com) to compare with the sequence of the GTO1 strain of 
Synechocystis 6803 (Morris et al., 2014).  
For the analysis, fastq files generated by the Miseq® platform were uploaded into 
Geneious and paired and trimmed. Sequences were then mapped to the GTO1 with 
BBMap (Bushnell, 2014) using the default settings. All variants represented by a 
minimum coverage of 50X or above and at a variant frequency >70% in mapped reads 
(Morris et al., 2014) were selected.  
All identified variant regions were verified by Sanger sequencing using the 
corresponding primers in Table 2.7 and Table 2.8. Cyanobase 
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(http://genome.microbedb.jp/cyanobase/) and Blast 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) were used to check the protein sequences and 
genetic regions of each variant.  
 
Table 2.7. PCR primers used to identify SNPs regions of the control strain 
Primer Primer Sequence (5' – 3') 
slr0115   
Forward primer AAATGCCGCGGGAAACAGGG 
Reverse primer  GTTCGCTAAAAGCTGGAAGTGC 
slr0195   
Forward primer CCCTGATTCTTCGGAACAGGGC 
Reverse primer  CCAGGAGAATGTCAGAATAGGGGC 
sll1774  
Forward primer CTGTGAGCGTTATTGTCCC 
Reverse primer CTTTTCCGAAGACTATGCCG 
slr1712  
Forward primer GCGAAGTCTAGGGGAATCAG 
Reverse primer CGGCGATCGTAAGACCTAA 
a‘Region’ refers to the base position in the original GT-Kazusa sequence (Kaneko et 
al., 1996). 
Table 2.8. PCR primers used to amplify the genes encoding the HrcA family 
transcription regulator (sll1670) and the sll0811 to identify the SNPs in Y244A mutants 
Primer Primer Sequence (5' – 3') 
sll1670  
Forward primer GTTCTCCCCATTTTGGACTGG 
Reverse primer  ATCCCGACAACAACCGTT 
sll0811  
Forward primer GCCGGATGATGGCACAGG 























Role of Tyr-244 of the D2-reaction centre protein in Photosystem II 
3.1. Introduction 
This chapter investigates the role of the Tyr-244 amino acid residue of the D2-
reaction centre protein, which is located in the loop region of the D2 protein between 
transmembrane helices D and E, called the DE loop region (Figure 3.1). D2-Tyr244 has 
a direct hydrogen bond with bicarbonate. As mentioned in section 1.6.3, this bicarbonate 
provides the bidentate ligand to the NHI between QA and QB and is proposed to play a 
key role in the electron transfer reactions and protonation steps in the QA–NHI–QB 
complex. The amino acid residues D2-Tyr244, D1-Tyr246 and the water molecule, 
W622, provide the stabilisation of bicarbonate through hydrogen bonds within a 3.3 Å 
range and these enable PS II to perform its optimal activity. Based on the X-ray-derived 
structure at a resolution of 1.95 Å (Suga et al. 2015) (PDB 4UB6), the Tyr-244 residue 
of D2 is 2.7 Å away from the bicarbonate ligand and it may also make hydrogen bonds 
with D2-Met246 (3.5 Å), D2-Lys264 (3.6 Å) (Figure 3.2) and the NHI (4.7Å). In this 
chapter, D2-Tyr244 mutants were created to disrupt the putative hydrogen bonds 
involving this residue in Synechocystis 6803 to investigate the role of this amino acid 
residue in PS II.  
3.2. D2 protein 
The D2 protein, one of the two major reaction centre proteins in PS II, is encoded 
by the psbD gene, which has two copies (psbDI and psbDII) in Synechocystis 6803. Both 
copies of the psbD gene have an identical amino acid sequence, containing 352 amino 
acids and have five transmembrane helices (Figure 3.1). One copy (psbDI) is in an operon 
with psbC encoding the CP43 antenna protein whose start codon is situated 14 bp 
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upstream from the psbD1 stop codon and starts with a GTG codon (Golden et al., 1989; 
Carpenter et al., 1990). To keep the psbC gene encoding the CP43 antenna protein, which 
is one of the two chlorophyll a-binding core antenna proteins in PS II, we introduced the 
mutations in the psbDI gene in an operon with psbC and deleted the psbDII gene.  
For this work, a control strain was employed in which one of the two genes 
encoding D2 (psbDII) in Synechocystis 6803 was deleted. However, it retained psbDI in 
the operon with psbC encoding the CP43 antenna protein. This control was designated 
as the DIC+/DII– strain, and the introduced mutations in the psbDI gene of the D2 protein 
that were studied for this project were in the DIC+/DII– genetic background (Khaing et 
al., 2020). Comparison of wild type and the DIC+/DII– control strain showed no apparent 
difference apart from a slightly slower growth rate in the control strain. The somewhat 
slower rate of photoautotrophic growth in the control is likely due to the absence of the 
psbDII gene and the presence of the spectinomycin-resistance cassette. The detailed 








Figure 3.1. D2 protein structure with five transmembrane helices (letter A-E). The colour 
scheme is based on the secondary structure of a protein: −helical structures are shown 
in cyan, and beta-pleated sheets are in red, magenta indicates the loop regions. The D2-
Tyr244 residue (green) is shown in stick format. The figure was generated using PyMOL 
(Delano 2001) and PDB 4UB6. 
 
3.3. Choice of mutants 
 Three mutants (Y244A, Y244F and Y244H) were created to disrupt the hydrogen 
-bond connections between D2-Tyr244 and its binding environment as shown in Figure 
3.2 using the QuikChange II site-directed mutagenesis kit (Agilent, Santa Clara, CA, 
USA) with primers 13-18 from Table 2.1. The constructed plasmids, including their 
introduced mutations, were verified by using the restriction enzyme HindIII (section 
2.2.2.7) and Sanger sequencing (section 2.2.2.9). Plasmids containing the introduced 
mutations in the psbDI:psbC operon were then used for the transformation of the 
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∆DIC/∆DII strain and the mutants obtained confirmed by Sanger sequencing. The 
introduction of alanine, in replacement of tyrosine, was to remove the hydrogen bond 
with bicarbonate. The purpose of choosing phenylalanine was to preserve the aromatic 
side chain and histidine provided a bulky side chain with the potential to form a hydrogen 
bond between an imidazole nitrogen and bicarbonate.  
 
Figure 3.2. Hydrogen bonding involving Tyr-244 of the D2 reaction centre protein and 
its binding environment in PS II. BCR represents bicarbonate, Fe is the non-heme iron, 
and red spheres indicate water molecules. The bicarbonate, QA and QB quinones are 
shown in cyan, D1 residues are in yellow, D2 residues are in green. Oxygen atoms are 
shown in red, nitrogen atoms are shown in blue and sulfur atoms are shown in light 
orange. Dashed black lines indicate hydrogen bonds with distances of 3.6 Å or less. The 




3.4. Chapter outline 
 This chapter is divided into three sections: the first section describes the 
physiological characterisation of mutants under standardised conditions, the second 
section includes high light sensitivity assays and 35S-Met protein labelling experiments, 
and the third describes a spontaneous mutation and protein gel-shift changes in the 
Y244A mutant. 
3.4.1. Physiological characterisation of mutants 
To find out the influence of this amino acid residue on the quinone-Fe-
bicarbonate complex of PS II in Synechocystis 6803, physiological characterisation was 
performed. This included photoautotrophic growth curves, low temperature (77 K) 
fluorescence emission spectroscopy, oxygen evolution measurements, chlorophyll a 
fluorescence measurement (fluorescence induction and fluorescence decay 
measurements following single-turnover actinic flashes), thermoluminescence 
measurements and BN-PAGE followed by western blotting.  
3.4.2. Photoautotrophic growth curve and low temperature (77 K) chlorophyll a 
fluorescence emission 
Firstly, photoautotrophic growth curves were done to investigate the structural 
and functional abilities of PS II in these mutants (section 2.4.1). The photoautotrophic 
growth rate was inhibited in D2-Tyr244 mutants. All three mutants (Y244A, Y244F, and 
Y244H) had impaired photoautotrophic growth when compared to the control strain 
(doubling time, 13.5 h). The growth rate of Y244A was severely affected (doubling time, 




To understand better the organisation of the photosynthetic machinery of 
Synechocystis 6803, low temperature 77 K (-196˚C) was performed. At this temperature, 
all photosynthetic reactions except primary photochemistry and light-harvesting (exciton 
transfer) are inhibited. Analysis of 77 K fluorescence emission spectra provide details on 
photosystem assembly and the stoichiometry between PS II and PSI; depending on the 
excitation wavelength, it is also possible to follow energy transfer between the 
phycobilisome light-harvesting complex and PS II and PS I. This method can also 
provide information on whether-or-not photosystem pre-complexes are accumulating in 
various mutants (Boehm et al., 2011; Lamb et al., 2018). Emission spectra were collected 
following excitation at 440 nm, which directly excites chlorophyll a, and 580 nm 
excitation specifically exciting the antenna pigments of the phycobilisome in 77 K 
measurements (Lamb et al., 2018) (section 2.4.4). Excitation at 440 nm provides 
information on the relative level of PS II to PS I and 580 nm excitation provides 
information on energy transfer between the phycobilisome and both PS II and PS I.  
 For the Y244A mutant, fluorescence emission following excitation at 440 nm 
showed an apparent reduction in the PS II to PS I ratio, with a higher emission peak at 
685 nm (arising from CP43) compared to 695 nm (arising from CP47 in fully assembled 
PS II) (Figure 3.3B). This provided evidence for a reduction in PS II centres in the Y244A 
mutant. However, for Y244F and Y244H mutants, the 77 K emission spectra following 
excitation at 440 nm indicated that the level of assembled PS II was similar but not 
identical to that found in control. 
When the cells were excited at 580 nm (Figure 3.3C), the Y244A mutant 
exhibited uncoupled energy transfer between the phycobilisome and PS II and PS I, 
showing an elevated emission at 685 nm relative to the control. The other two mutants 
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also exhibited a slightly elevated emission at 685 nm supported by a slightly reduced 
number of PS II centres in these mutants.  
 
 
Figure 3.3. Photoautotrophic growth, low-
temperature (77 K) fluorescence emission 
spectra for the control and mutants A, 
Photoautotrophic growth curve of control 
(full black circles), Y244A (full blue 
circles), Y244F (empty blue circles), and 
Y244H (empty black circles). The error 
bars represent the standard error from three 
independent experiments. B, Low-
temperature fluorescence emission spectra 
following excitation at 440 nm for control 
(black solid line), Y244A (blue dotted line), 
Y244F (blue solid line), and Y244H (black 
dashes line) C, Low-temperature 
fluorescence emission spectra following 
excitation at 580 nm for control (black solid 
line), Y244A (blue dotted line), Y244F 
(blue solid line), and Y244H (black dashes 
line). In panels B and C, spectra are the 
average of three independent experiments, 




3.4.3. Oxygen evolution measurement 
To determine the PS II activity in fully assembled centres, oxygen evolution 
measurements were performed by using two different PS II-specific artificial quinones, 
2,5-dimethyl-1,4-benzoquinone (DMBQ) and 2,6-dichloro-1,4-benzoquinone (DCBQ) 
as the electron acceptors. These artificial quinones accept electrons from the quinone-
binding environment, the DMBQ electron acceptor binds to the QB-binding site is 
blocked by the addition of DCMU; however, DCBQ has been shown to bind to PS II and 
still have some activity when DCMU is present suggesting DCBQ may accept electron 
from more than one site (Koike et al., 1996; Brinkert et al., 2016; Biswas et al., 2018). 
Measurements were carried out in the presence of potassium ferricyanide to maintain the 
oxidized state of quinones. 
Oxygen evolution rates are shown in Table 3.1. A significant reduction of oxygen 
evolution in all mutants compared to the control strain in the presence of DMBQ and 
K3Fe(CN)6 was found. The rate of oxygen evolution of the Y244A and Y244F mutants 
dropped to approximately 9% of the control rate while the rate for the Y244H strain 
dropped to nearly 16% of the control rate in the presence of DMBQ.  
With the addition of DCBQ and K3Fe(CN6), the rate of oxygen evolution for these 
mutants slightly increased, becoming Y244A (26%), Y244F (32%) and Y244H (49%), 
respectively, compared to the rate of the control cells. The reduced oxygen evolution 
capacity in these mutants may be due to fewer assembled centres and agrees with the 
photoautotrophic growth rates and low-temperature fluorescence spectroscopy observed 
above for these strains (Figure 3.3). However, when 15 mM bicarbonate was added to 
support whole chain electron transport, there was an apparent increase in oxygen 
evolution for all mutants, showing that Y244F and Y244H strains retained at least 75% 
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of the rate observed in the control, whereas Y244A cells showed 63% of the control rate 
of oxygen evolution.  
Table 3.1. Relative rates of oxygen evolution (mol O2 mg Chl a-1 h-1) for control and 
D2-Tyr244 mutants in the presence of 0.2 mM DMBQ and 0.2 mM DCBQ with 1 mM 
K3Fe(CN)6 and 15 mM sodium bicarbonate. The errors displayed in the table are the 
standard errors calculated from the average of three independent experiments. 
Electron acceptor Control  Y244A Y244F Y244H 
DMBQ 409 ± 39  35 ± 10  34 ± 14  64 ± 27 
DCBQ 523 ± 12 138 ± 5 165 ± 6 257 ± 1 
HCO3- 513 ± 23  304 ± 2 387 ± 12 390 ± 11 
 
 
3.4.4. Room temperature chlorophyll a fluorescence induction   
Light energy absorbed by the chlorophyll molecules can undergo one of three 
fates. It can be used to drive photosynthetic reactions or the absorbed light can be emitted 
as chlorophyll fluorescence or dissipated as heat. All these processes occur in parallel, 
and any changes in one can have an effect on the yield of the other two. By measuring 
chlorophyll fluorescence yields, it can provide information about changes in the 
efficiency of photochemistry and heat dissipation. At room temperature, it is assumed 
that the fluorescence signal comes from PS II only and the fluorescence yield from PS I 
is too low and does not make a significant contribution (Maxwell and Johnson, 2000). 
In chlorophyll a fluorescence induction measurement, two different light sources 
were used: actinic light which can induce a substantial change in the state of 
photosynthetic machinery, and measuring light, which is low power to be able to neglect 
the impact of induced photosynthetic reactions. In our instrument, actinic light turns over 
PS II (and PS I). The measuring light samples the population of PS II present following 
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actinic illumination and emits fluorescence from centres that have QA reduced (those PS 
II centres with QA- present). The sampled centres that have QA oxidized will of course 
absorb the measuring light and form QA-. The intensity of the measuring flash is therefore 
kept low to minimise the probability of the same centres being sampled more than once. 
This way the measuring flashes do not provide an actinic effect (this can be tested with 
DCMU present and firing the measuring flash only). The variable fluorescence should 
not change and stay at Fo. 
In cyanobacteria, when the cells are exposed to light after dark adaptation, the 
cells emit a fluorescence transient with distinct features designated by the letters O, J, I 
and P (Figure 3.4A), O represents the origin; when the samples are in the dark state, and 
all electron acceptors are mostly oxidized; in this state PS II reaction centres are 
described as open (they can absorb a photon and transfer an electron to QA to form QA-) 
and hence show minimal fluorescence yield (Fo). Then, J and I are the inflections of the 
fluorescence curve where the J peak reflects the photochemical reduction of QA and 
thereafter the fluorescence rises toward the P peak as the pool of electron acceptors 
becomes reduced and QA- accumulates. The I to P rise reflects the filling of the pool as 
oxidized quinone becomes limiting and the P level is the plateau when all PS II centres 
present have a reduced QA. The P level is also referred to as the maximum fluorescence 
level and is also indicated by the notation, Fm. When QA- is reduced, a PS II centre is 
considered to be closed. With the addition of DCMU, an inhibitor of electron transfer 
from QA- to QB, by occupying the QB-binding site, chlorophyll fluorescence emission 
rapidly rises to Fm (Figure 3.4B). Therefore, chlorophyll a fluorescence induction is used 
to monitor the electron acceptor side reactions, the PQ pool reduction and the effects of 
inhibitors on these processes (Stirbet and Govindjee, 2011). 
 
 71 
The variable chlorophyll fluorescence induction curve for Y244A cells was 
modified from that of the control strain, both in the absence and presence of DCMU. In 
the absence of DCMU, a reduction in PS II activity was detected by variable chlorophyll 
a fluorescence measurement in Y244A cells. The variable fluorescence yield showed a 
marked reduction and a noticeable absence of the characteristic inflections of the OJIP 
transient (Figure 3.4A). Based on the results, Y244A mutants showed severe 
disturbances in the electron acceptor side reactions. Conversely, the variable chlorophyll 
fluorescence curve from the Y244F and Y244H mutants retained the OJIP features seen 
in the control. However, there was an initial increase in the J inflection, and lower P peak 
(Figure 3.4A) suggesting a slowed reaction to QB while the compressed I to P rise may 
indicate blocked exchange reactions between the QB site and the PQ pool in the thylakoid 
membrane. 
In the presence of DCMU, the fluorescence yield was reduced in all mutants 
compared to the control strain (Figure 3.4B). As the variable fluorescence yield in the 
presence DCMU is an indicator of a number of active PS II centres present, the result 
confirmed that PS II assembly was impaired in these D2-Tyr244 mutants, which was in 
agreement with the reduced number of active PS II centres in these cells compared to the 





Figure 3.4. Variable fluorescence induction and decay upon illumination of dark-
adapted cells. A, Variable fluorescence induction in the absence of DCMU, OJIP features 
are indicated in red. B, Variable fluorescence induction in the presence of DCMU. C, 
Variable fluorescence decay following a single turnover actinic flash in the absence of 
DCMU. D, Variable fluorescence decay following a single turnover actinic flash in the 
presence of DCMU. In all panels, the symbols are control (full black circles), Y244A 
(full blue circles), Y244F (empty blue circles), and Y244H (empty black circles). Only 




3.4.5. Investigation of PS II activity by the decay of variable chlorophyll a 
fluorescence following a single actinic flash in the absence or presence of DCMU 
The electron transfer between the primary (QA) and secondary (QB) electron 
acceptors of PS II can also be detected by using the fluorescence decay measurement 
following a single turnover actinic flash in the absence or presence of DCMU. In the 
control cells, the chlorophyll decay kinetics consist of the following three phases: a fast 
(µs) phase reflecting oxidation of QA- by bound QB, an intermediate (ms) phase thought 
to arise from QA- oxidation in PS II centres where QB was not bound before the actinic 
flash and a slow (s) phase which corresponds to the back reaction with the oxygen-
evolving complex (Vass et al., 1999). The kinetic analyses are described in Table 3.2.   
In the absence of DCMU, the fluorescence decay of control was dominated by a 
fast phase (t1/2 270 s) with 61% contribution to the total decay measurement. The half-
time for intermediate phase was 2.4 ms with an amplitude of 31%, and the contribution 
of the slow phase was approximately 8% (t1/2 5.8 s). For the Y244A mutant, it exhibited 
a noticeable increase in the half-time of the fast phase (t1/2 500 s with an amplitude of 
52%) and approximately a 2.5-fold increase in the half-time of the intermediate phase 
(t1/2 6 ms with an amplitude of 32%), the contribution of the slow phase was 16% 
(doubled compared to the control) with t1/2 9 s. The fluorescence decay for the 
microsecond component for Y244F and Y244H cells also demonstrated an increased 
half-time, showing a t1/2 423 s (amplitude 46%) in Y244F cells and a t1/2 449 s 
(amplitude 48%) in Y244H cells respectively. The contribution of the millisecond 
component in these two mutants was higher than the control and had a longer half-time, 
with amplitudes of 46% (t1/2 7 ms in Y244F cells) and 39% (t1/2 6 ms in Y244H cells) 
respectively. In addition, the fluorescence decay in the Y244H strain was further retarded 
by an increase in the slow component, 13% with t1/2 8 s. In comparison, the Y244F strain 
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showed a stable slow component with longer half-time (11 s, with the amplitude 8%) 
(Figure 3.4C and Table 3.2). 
In the presence of DCMU, the decay kinetics exhibit an intermediate (ms) phase 
most likely arising from recombination with oxidized P680 (the primary donor or PS II 
reaction centre) and a slow (s) component, arising from back-reaction with the S2 state 
of oxygen-evolving complex. The fluorescence yield relaxation in control was 
characterised by a fast phase component (t1/2 1.6 ms) with a 10% amplitude, and the back 
reaction (slow phase) was 0.7 s (t1/2) with an amplitude of 90% (Table 3.2). Compared 
to the control, the contribution of the millisecond component of Y244A mutant was 
higher than the control, showing an amplitude of 28% with t1/2 1 ms, while the other 
mutants, Y244F and Y244H exhibited a half-time of millisecond component, a t1/2 of 1.7 
ms (amplitude 9.1%) and 2.3 ms (amplitude 4%), respectively. In addition, a slower back 
reaction was clearly observed in Y244F cells (t1/2 5.3 s [amplitude 91%]) and Y244H 
strains (t1/2 5.8 s [amplitude 96%]) relative to their control (t1/2 0.7 s [amplitude 90%]), 
whereas the Y244A mutant demonstrated a reduced contribution of the slow component 









Table 3.2. Kinetic analysis of the decay of chlorophyll a fluorescence following a 
single turnover actinic flash in the presence or absence of DCMU.  
Strain Treatment Fast Component Intermediate Component Slow Component 
  
Rate 








(t1/2 = s) 
Amplitude 
(%) 
Control  No treatment 270 ± 21 61.0 ± 3.0 2.4 ± 0.3  31.0 ± 3.0   5.8 ± 0.7  8.0  ± 1.0 
   +DCMU   1.6 ± 0.2  10.0 ± 1.0   0.7 ± 0.1 90.0 ± 1.0 
Y244A No treatment 500 ± 55 52.0 ± 6.8 6.0 ± 1.6  32.0 ± 5.3   9.0 ± 1.9 16.0 ± 1.5 
   +DCMU   1.0 ± 0.2  28.0 ± 0.0   0.9 ± 0.0 72.0 ± 0.0 
Y244F No treatment 423 ± 31 46.0 ± 2.7 7.0 ± 1.5  46.0 ± 2.6 11.0 ± 2.8   8.0 ± 0.7 
   +DCMU   1.7 ± 0.3    9.1 ± 1.6   5.3 ± 0.1 91.0 ± 1.6 
Y244H No treatment 449 ± 14 48.0 ± 0.5 6.0 ± 0.3  39.0 ± 0.3   8.0 ± 1.7 13.0 ± 0.2 
   +DCMU    2.3 ± 0.8    4.0 ± 1.9   5.8 ± 0.3 96.0 ± 1.9 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
3.4.6. Flash-induced chlorophyll a fluorescence relaxation 
As mentioned in section 1.6.3, complete reduction of PQ at QB requires two 
electrons and two protons. The fluorescence decay following a single turnover actinic 
flash favours QA- formation and then QAQB- and the decay from two actinic flashes leads 
to become QA-QB- followed by QAQB2- formation (Figure 1.11). At that time, QB2- accepts 
two protons from the cytosolic phase and becomes QBH2 and is then released at the QB 
site and a new PQ from the PQ pool replaces it to complete the full cycle. Therefore, 
after three actinic flashes, QAQB- formation occurs for another cycle of the two-electron 
gate; however, if there is a delay in plastoquinol formation (QBH2) due to retardation in 
proton transfer and/or a delayed release or binding of PQ at the QB binding site, these 
conditions will lead to slowed fluorescence decay after three actinic flashes. 
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To investigate the turnover of the two-electron gate in these mutants, the 
fluorescence decay following 2, 3 and 5 actinic flashes was measured, and two different 
time intervals were selected between the flashes (flashes spaced at 200 ms intervals to 
give sufficient time in each step of the two-electron gate reactions to proceed and flashes 
spaced at 1 s intervals to see any changes in this time frame.)  
As shown in Figure 3.5 and Table 3.3, the fluorescence decay corresponding to 
forward electron transfer from QA- to QB or QB- following 2, 3 and 5 actinic flashes 
spaced at 200 ms intervals (5 Hz) were stable in the control strain. However, the half-
time of the microsecond and millisecond components slowed as the number of turnovers 
increased in the mutants relative to the control (Figure 3.5 and Table 3.3). As mentioned 
earlier, the possible reasons include delayed protonation and/or binding of new PQ at the 
QB-binding site in these mutants since D2-Tyr244 forms a direct hydrogen bond with 
HCO3–, which has been proposed to operate in the protonation pathway.  
In contrast, the traces were similar for the multiple actinic flash data sets for the 
fluorescence decay measurements following single-turnover flashes spaced at 1 s (1 Hz) 
intervals. However, there was slower electron transfer in these mutants compared to the 
control (Figure 3.6 and Table 3.4). This condition suggested that 1 s time interval 







Figure 3.5. Variable fluorescence 
decay following single turnover 
actinic flashes spaced at 200 ms 
intervals for two flashes (panel A), 
three flashes (panel B), and five 
flashes (panel C). In all panels, the 
symbols are control (full black 
circles), Y244A (full blue circles), 
Y244F (empty blue circles), and 
Y244H (empty black circles). Only 
selected data points are shown for 
clarity. Data displayed are from the 





Table 3.3. Kinetic analysis of the decay of chlorophyll a fluorescence following single 




Strain Fast Component Intermediate Component Slow Component 
 
Rate Amplitude Rate 




(t1/2 = s) 
Amplitude 
(%) (t1/2 = s) (%) 
2F Control 332 ± 2.2 66.0 ± 1.1  4.0 ± 0.8 23.5 ± 1.5   6.0 ± 1.6  10.1 ± 0.4 
  Y244A 570 ± 48.0 60.0 ± 2.1 17.6 ± 2.3 23.2 ± 1.1 12.5 ± 3.7  16.8 ± 1.1 
  Y244F 468 ± 8.9 48.0 ± 1.8 18.8 ± 2.3 42.6 ± 0.1 10.5 ± 0.6    9.7 ± 1.9 
  Y244H 605 ± 41.2 46.0 ± 2.6 19.4 ± 2.3 33.7 ± 2.6   3.6 ± 1.2  20.5 ± 1.4 
3F Control  321 ± 23.8 64.0 ± 0.3   3.0 ± 0.2 28.7 ± 0.0   7.6 ± 1.2    7.7 ± 0.3 
  Y244A 562 ± 27.0 59.0 ± 1.0 23.6 ± 2.3 24.3 ± 0.7   5.8 ± 4.1  16.8 ± 0.5 
  Y244F 549 ± 39.0 43.0 ± 1.9 23.8 ± 3.0 44.3 ± 0.3   6.4 ± 2.2  12.3 ± 1.8 
  Y244H 644 ± 13.0 44.0 ± 0.6 22.1 ± 4.2 32.3 ± 1.8   3.6 ± 1.5  23.4 ± 2.5 
5F Control 261 ± 2.8 69.0 ± 0.7   3.7 ± 0.3 23.1 ± 0.8   4.0 ± 0.5    7.8 ± 0.9 
  Y244A 518 ± 25.7 56.0 ± 2.5 36.0 ± 7.0 29.5 ± 2.1 12.8 ± 4.6  14.7 ± 0.4 
  Y244F 465 ± 7.4 44.0 ± 2.3 27.2 ± 1.3 44.7 ± 0.0   7.1 ± 0.8  11.3 ± 2.3 
  Y244H 578 ± 7.2 44.0 ± 0.6 28.6 ± 5.1 33.6 ± 2.3   5.0 ± 0.7  22.0 ± 2.9 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 








Figure 3.6. Variable fluorescence 
decay following single turnover 
actinic flashes spaced at 1 s 
intervals for two flashes (panel A), 
three flashes (panel B), and five 
flashes (panel C). In all panels, the 
symbols are control (full black 
circles), Y244A (full blue circles), 
Y244F (empty blue circles), and 
Y244H (empty black circles). Only 
selected data points are shown for 
clarity. Data displayed are from the 





Table 3.4. Kinetic analysis of the decay of chlorophyll a fluorescence following single 





Strain Fast Component Intermediate Component Slow Component 
 
Rate Amplitude Rate 




(t1/2 = s) 
Amplitude 
(%) (t1/2 = s) (%) 
2F Control 318 ± 16.6 61.1 ± 0.6   3.2 ± 0.4 27.5 ± 0.9   6.6 ± 1.3 11.5 ± 1.4 
  Y244A 481 ± 5.7 51.9 ± 3.6 16.9 ± 1.3 30.8 ± 3.1 23.6 ± 0.1 17.3 ± 0.5 
  Y244F 535 ± 17.5 47.5 ± 0.6 12.4 ± 2.2 43.2 ± 0.8 14.7 ± 4.4   9.3 ± 0.7 
  Y244H 515 ± 12.6 46.4 ± 2.0   7.6 ± 1.3 36.8 ± 0.6   6.5 ± 1.7 16.9 ± 1.4 
3F Control 345 ± 24.1 63.7 ± 1.1   2.9 ± 0.2 27.4 ± 0.8   8.2 ± 2.0   8.8 ± 0.3 
  Y244A 503 ± 20.3 56.3 ± 2.0 15.1 ± 3.8 29.0 ± 2.2 14.3 ± 5.1 14.7 ± 0.5 
  Y244F 586 ± 9.8 48.0 ± 1.2 15.0 ± 1.9 42.7 ± 0.5 10.5 ± 1.4   9.3 ± 1.5 
  Y244H 497 ± 85.5 44.1 ± 1.5   8.3 ± 5.1 37.0 ± 3.7   5.2 ± 1.1 18.9 ± 3.4 
5F Control 272 ± 6.8 60.9 ± 1.2   2.6 ± 0.1 29.8 ± 1.1   6.5 ± 0.8   9.3 ± 1.9 
  Y244A 468 ± 21.4 57.2 ± 1.6 16.4 ± 0.6 28.0 ± 2.5 15.7 ± 4.0 14.9 ± 0.9 
  Y244F 532 ± 14.0 47.0 ± 0.9 13.5 ± 1.6 42.7 ± 0.6   9.5 ± 2.1 10.3 ± 0.9 
  Y244H 557 ± 23.4 49.2 ± 2.1 10.9 ± 1.9 33.0 ±  0.4   5.7 ± 0.6 17.7 ± 1.7 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
3.4.7. Investigation of PS II activity by the decay of variable chlorophyll a 
fluorescence following a single actinic flash in the presence of formate and HCO3-  
As discussed in section 1.7.2, the depletion of HCO3– in PS II has been shown to 
result in a specific inhibition of electron transfer between QA– to QB and this condition 
was reversed after addition of HCO3– in wild-type cells (Eaton-Rye, 1987). Likewise, the 
addition of formate, which can displace HCO3– from its position, has also been shown to 
lead to slow QA– to QB transfer (Robinson et al., 1984; Eaton-Rye and Govindjee, 1988a; 
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Eaton-Rye and Govindjee, 1988b; Sedoud et al., 2011). Therefore, to investigate the 
effect of HCO3–  and formate in this series of mutants, chlorophyll a fluorescence decay 
measurements following a single turnover actinic flash in the presence of HCO3– and 
formate, and both HCO3– and formate together, were performed. 
After the addition of 15 mM HCO3–  following a single turnover actinic flash, the 
control strain showed no obvious changes, but the impaired chlorophyll a fluorescence 
decay in all mutants was restored (Table 3.5 and Table 3.2), especially the effect was 
evident in the Y244A mutant, showing ~ 33 % half-time restoration in fast phase (t1/2 500 
s to t1/2 337 s) and intermediate phase (t1/2 6 ms to t1/2 3.9 ms) and the slow phase also 
demonstrated ~ 50 % restoration (t1/2 9 s to t1/2 4.5 s) (Figure 3.7 and Table 3.5). However, 
the percentage contribution for each component in Y244A mutant showed minor 
changes. A similar pattern was also found in the Y244F mutant in the chlorophyll a 
fluorescence decay measurement following a single turnover actinic flash in the presence 
of HCO3–, whereas the Y244H mutant had a minor improvement in each component 
(Table 3.5). With these data, we can see the role of bicarbonate to reverse the effect of 
introduced mutations in the D2-Tyr244 residue. The effect of the addition of bicarbonate 
in these mutants suggested that HCO3–  binding to the NHI was insufficient due to the 
introduced mutations and this 15 mM exogenous HCO3–  seemed to fill the HCO3– role 
by potentially restoring bicarbonate binding to the NHI. 
When formate was added in the chlorophyll a fluorescence decay measurement, 
a slower rate of fluorescence decay was observed in the control. Similarly, all mutants 
also showed an impaired fluorescence decay after the addition of formate into the assay 
(Figure 3.7 and Table 3.5). This might suggest that the introduced mutations at D2-
Tyr244 did not completely eliminate the function of HCO3–, since an additional formate 
effect was observed in all mutants. When we investigated the effect of bicarbonate-
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reversible formate-induced inhibition, the effect was found in the control and Y244H 
mutant, whereas Y244A and Y244F mutants showed a slight bicarbonate-reversible 
effect on formate inhibition, indicating that 15 mM HCO3– was unable to reverse the 










Figure 3.7. Variable fluorescence decay following a single turnover actinic flash. A, 
control (full black symbols), B, Y244A (full blue symbols), C, Y244F (empty blue 
symbols), and D, Y244H (empty black symbols). In all panels, dark-adapted cells were 
treated with 15 mM bicarbonate (circles), 25 mM formate (squares), 15 mM bicarbonate 
and 25 mM formate (triangles) prior to the measurements. Only selected data points are 




Table 3.5. Kinetic analysis of the decay of chlorophyll a fluorescence after a single 
turnover flash for cells treated with 25 mM formate; 15 mM bicarbonate, or 15 mM 
bicarbonate and 25 mM formate.  












(t1/2 = s) 
Amplitude 
(%) 
Formate Control 324 ± 16 62.0 ± 0.0   7.5 ± 2.0 26.0 ± 0.3   3.1 ± 0.5 13.0 ± 0.8 
Y244A 804 ± 56 44.0 ± 1.0 25.0 ± 0.7 45.0 ± 0.9   3.2 ± 0.3 12.0 ± 0.0 
Y244F 619 ± 20 37.0 ± 3.0   9.0 ± 0.5 48.0 ± 0.9   0.6 ± 0.1 15.0 ± 1.9 
Y244H 504 ± 34 34.0 ± 4.0   9.0 ± 0.7 51.0 ± 1.3   5.1 ± 0.1 12.0 ± 2.6 
HCO3- Control 261 ± 10 62.0 ± 1.6   3.6 ± 1.2 27.0 ± 3.5   6.2 ± 0.0 11.0 ± 1.9 
Y244A 337 ± 37 49.0 ± 2.5   3.9 ± 0.4 38.0 ± 2.5   4.5 ± 0.4 13.0 ± 0.7 
Y244F 397 ± 25 48.0 ± 3.3   5.1 ± 0.7 47.0 ± 2.4 28.0 ± 5.2   5.0 ± 0.9 
Y244H 403 ± 10 47.0 ± 1.0   4.1 ± 0.2 46.0 ± 3.8   8.2 ± 2.3   7.0 ± 2.8 
Formate + 
HCO3-  
Control  250 ± 34 59.0 ± 2.5   3.2 ± 0.3 29.0 ± 0.4   3.9 ± 1.0 12.0 ± 2.9 
Y244A 767 ± 55 59.0 ± 1.3   5.4 ± 2.2 28.0 ± 1.6   6.9 ± 1.0 13.0 ± 0.3 
Y244F 592 ± 25 43.0 ± 2.4   8.7 ± 1.4 48.0 ± 1.4   1.4 ± 0.8   8.0 ± 1.0 
Y244H 410 ± 16 45.0 ± 1.6   4.7 ± 0.2 49.0 ± 3.2   7.3 ± 1.9   5.8 ± 1.6 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
3.4.8. Thermoluminescene measurements  
  Based on the previous results, D2-Tyr244 mutants have shown an impact on the 
electron transfer between QA and QB of PS II. The efficiency of these redox components 
can also be determined by thermoluminescence (TL). Thermoluminescence is the 
thermally-induced light emission derived from the charge recombination of 
photosynthetic material (Vass, 2003). Upon absorption of a photon, the primary donor 
P680 transfers an electron to pheophytin, which is then passed on to QA and subsequently 
QB; concomitantly, the positive charge from P680+ moves to the OEC where it is stored 
 
 85 
in S2 and in this process P680+ is restored to P680 via reduction by Yz, which in turn is re-
reduced by an electron from the OEC.  Hence the charge is separated between S2 and QB- 
with the energy level of the QB/QB- couple stabilising the charge separated state so that 
the back reaction is very slow (even at room temperature), and when heat is applied, this 
separated charge can be recombined to give P680* and returns to the ground state (Arnold 
and Sherwood, 1957). This charge recombination can be seen as the thermoluminescence 
emission, which can be detected by a TL machine (Vass, 2003).  
TL curves in PS II material were discovered in 1968 (Arnold and Azzi, 1968). 
TL emission from charge recombination is a complex temperature-dependent process. 
From the P680QA- state, there are three different recombination pathways in PS II:  
(i) direct non-radiative pathway (15-20%), derived from P680+QA- recombination, (ii) 
indirect non-radiative pathway (80-85%) which comes from P680+Pheo-, (iii) indirect 
radiative pathway (3%) as a consequence of P680+Pheo- recombination to the P680*Pheo 







Figure 3.8. Charge recombination pathways (red arrows) (1) direct non-radiative 
pathway from P680+QA- recombination, (2) indirect non-radiative pathway from 
P680+Pheo- recombination, and (3) indirect radiative pathway. Figure is adapted from 
Rappaport et al. (2009).  
 
In the temperature range - 80 ˚C to 40 ˚C, there are three distinct TL bands, the 
B band, Q band and C band (Ichikawa et al., 1975). When the PS II reaction centre is 
excited by a single actinic flash, the transferred electron will be localised at the QB to 
become QB- (Figure 1.11). At low temperature, the QB-  remains stabilised; however, 
when the sample is heated at a constant rate, this condition increases the vibrational 
energy to overcome the energy barrier, which allows the charge recombination. This 
charge recombination also involves the S2 and S3 state of OEC since the electron comes 
from the water after a single actinic flash (Rutherford et al., 1982), therefore, the B band 
represents S2QB- recombination. 
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However, Q and C bands arise after the sample is treated with the electron 
inhibitor, DCMU. In the presence of DCMU, the electron flow will be blocked between 
QA and QB, the transferred electron will be at QA, becoming QA-. Therefore, the Q band 
originates from the S2QA- recombination and the C band comes from the TyrD+QA-. The 
peak temperature of TL indicates the required energy to cause the charge recombination, 
i.e., the higher the peak temperature, the greater the charge stabilisation (Vass et al., 
1992).   
As shown in Figure 3.9A and Table 3.6, the B band from S2QB- recombination in 
control cells was observed at 32 ˚C, and it was observed at 30 ˚C in the Y244A mutant 
while the B band in the Y244F and Y224H mutants appeared at 39.5 ˚C and 37 ˚C, 
respectively. The temperature shift of the B band in Y244F and Y244H cells suggested 
that more energy was required for charge recombination from the QB- state. In the 
presence of DCMU, the Q band from S2QA- recombination in the control appeared at 20 
˚C, but in Y244F and Y244H cells it displayed a temperature shifted Q band at 26 ̊ C and 
30 ˚C, respectively, whereas the Q band in the Y244A mutant appeared at 21.5 ˚C. The 
C band which is derived from TyrD+QA- recombination was not seen in all mutants 
although this C band arises at 55 ˚C in the control.   
The TL intensity in all mutants was also lower than observed from the control in 
the presence or absence of DCMU. The TL intensity is regulated by the free energy 
changes between P680* and P680+Pheo- (Cser and Vass, 2007); therefore, TL intensity 
reflects the combination of an indirect radiative pathway and non-radiative pathway. In 
an experimental procedure, this TL emission is measured based on the number of photons 
emitted when the samples are heated at a constant rate. Since this photon emission is 
directly proportional to the indirect radiative pathway, a non-radiative pathway has more 
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influence in D2-Tyr244 mutants as all mutants showed a decreased TL intensity 
compared to their control (Figure 3.9). 
 
 
Figure 3.9. Thermoluminescence characteristics of D2-Tyr244 mutants. Cells were 
excited by a single actinic flash at -10 ˚C, and thermoluminescence data were recorded 
in the - 40 ˚C to 80 ˚C temperature range in the absence of DCMU (panel A) and the 
presence of DCMU (panel B). The measurements were performed on control (black line), 
Y244A (blue dotted line), Y244F (blue line) and Y244H (blue dashes line). Data 













Table 3.6. Thermoluminescence temperatures of the D2-Tyr244 mutants. The data 










Control 32.0 ± 0.0 20.0 ± 0.0 55.0 ± 0.0 
Y244A 30.0 ± 0.5 21.5 ± 0.0  - 
Y244F  39.5 ± 0.5 26.0 ± 0.5 - 
Y244H 37.0 ± 0.5  30.0 ± 0.5 - 
 
 
3.4.9. Flash-induced thermoluminescence measurements 
To investigate the water-oxidation process (i.e., the S-state distribution of the 
OEC) as shown in Figure 1.10 in D2-Tyr244 mutants, flash-induced 
thermoluminescence measurements were performed. A series of six flashes (section 
2.4.18) were separately given to the samples, and the data from each flash was 
normalised by the average of third to sixth flashes, and then the calculated data for each 
flash was plotted as in Figure 3.10. The characteristics of the oscillation pattern of B 
band in the flash-induced TL measurement observed after illumination of a sequence of 
flashes reflects the S-state oxidation cycle. 
As mentioned earlier, TL emission following a single actinic flash represents 
S2QB- recombination (25% S1 and 75% S2 starting from dark stable S0-S1 state), and 
therefore, after illumination with two flashes to the samples, TL emission comes from 
S3QB- recombination (25% S2 and 75% S3) (Ducruet and Vass, 2009). By giving a 
sequence of flashes, different S state oxidation can be predicted, S0-S1(dark stable state), 
S1-S2, S2-S3, S3-S4 and S4-S0. However, only the S2 and S3 states were able to produce 
the TL band, not the other S states. The maximum peak B band intensity in flash-induced 
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TL measurements was seen after 2 and 6 flashes in wild type of Synechocystis 6803 (Vass 
et al., 1992). 
In Figure 3.10, the typical oscillation pattern after flash-induced TL 
measurements in the control strain is shown, having a maximum peak after two flashes. 
However, for the Y244A and Y244F mutants, the first maximum peak appeared after the 
third flash followed by a small decline and then the yield increased again. A similar 
pattern was seen in Y244H mutant although the maximum peak appeared after two 
flashes in this strain (Figure 3.10). Therefore, a significant influence on the S-state 
oxidation cycle was found in these mutants compared to that observed for the control 
strain. The observations suggested that there was a blockage of S-state oxidation beyond 
S2 to the higher S states; however, the blockage was incomplete, indicating S-state 
turnover in a fraction of PS II centres due to a small decline in yield after three flashes 




Figure 3.10. Flash-induced oscillation of the B-thermoluminescence band in control and 
D2-Tyr244 mutants. Thermoluminescence was measured after excitation as a function 
of actinic flash number at -10˚C. The thermoluminescence intensity was plotted after 
normalisation of 3rd to 6th flash intensities. A, control (black line). B, Y244A (blue dotted 
line). C, Y244F (blue line). D, Y244H (black dashes line). Data displayed are from the 
average of three independent experiments. 
 
3.4.10. Analysis of PS II assembly by blue-native polyacrylamide gel electrophoresis 
(BN-PAGE) followed by western blotting and 2D-gel electrophoresis 
Since the fluorescence data suggested that levels of PS II may be altered in the 
different mutants, BN-PAGE and western blotting were performed. The PS II dimer, 
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monomer, and RC47 complex were detected using specific antibodies to D1, D2, CP47, 
and CP43 proteins (Figure 3.11). These four antibodies detect the major proteins in PS 
II and identification of these proteins in different gel bands can estimate the relative ratios 
of the different pre-assembly and assembled complexes as mentioned in section 1.5.1.   
For the D1, D2 and CP47 antibodies, the control, Y244F and Y244H mutants 
showed a similar pattern for the relative levels of the PS II dimer and monomer bands, 
whereas the Y244A mutant displayed a small upshift in the mobility of the PS II 
complexes (Figure 3.11). When probed with the CP43 antibody, each of the mutants, but 
not the control, exhibited accumulation of low-molecular-weight protein complexes 
containing the CP43 subunit (Figure 3.11E). The CP43-pre-assembly complex is the last 
major complex to attach to the growing PS II complex after the formation of the RC47 
complex containing the reaction centre and the CP47-pre-assembly module and the first 
complex to dissociate in the repair mechanism. Therefore, this complex seemed to be 
more vulnerable in the assembly processing compared to the other subunits. 
Alternatively, one possibility might be that the CP43 complex is bound more weakly to 
PS II in the mutants compared to the control and the appearance of the accumulation 
CP43-pre-assembly complex might arise from dissociation of CP43 by the detergent 
treatment.  
The data suggested that there was an impairment in PS II assembly in these 
mutants (or that CP43 is less tightly bound). Although the accumulation of CP43 pre-
assembly complex was found in these mutants, any changes of PS II dimer and monomer 
subunit levels were difficult to determine since the results were based on 
chemiluminescence detection, and this analysis does not linearly correlate with the 
protein abundance and the amount of protein (Eaton et al., 2014). Nevertheless, the 
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impaired assembly of PS II in all mutants was in agreement with the 77 K fluorescence 
emission results (Figure 3.3B).  
 
 
Figure 3.11. Blue-native (BN) PAGE followed by western blot analysis. A, BN-PAGE 
gel. B, western blot with an antibody against D1. C, western blot with an antibody against 
D2. D, western blot with an antibody against CP47. E, western blot with an antibody 
against CP43. The strains are labelled above their corresponding lane. The experiment 
was repeated three times with similar results. 
 
In order to verify the findings from the BN-PAGE analysis, 2D gel 
electrophoresis was performed in control and Y244A mutant, running 4-16% BN-PAGE 
as the first dimension and 12% SDS PAGE as the second dimension followed by 
Coomassie staining (section 2.4.11). Using this approach, the major PS II subunits (D1, 
D2, CP47 and CP43) were seen in both the control strain and the Y244A mutant. The 
result from 2D gel analysis of the Y244A mutant showed fainter D1 and D2 spots in the 
dimer and monomer bands from the Y244A thylakoids compared to the control sample 
and the Y244A mutants gave rise to a large spot signal, labelled as number 1 in the gel 
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(Figure 3.12). This spot was excised and sent for identification by mass spectrometry 
(section 2.4.12), and the result revealed that the pre-assembly complex contained mainly 
the CP43 protein (67%); further details are shown in Table A2.1 (Appendix 2). All other 
spots were identified and agreed with the identification provided in Jackson et al. (2015). 
2D gel electrophoresis data provided more evidence for the impairment of PS II assembly 
in the Y244A mutant, again in agreement with the low-temperature fluorescence 
emission spectroscopy obtained with this mutant (Figure 3.3B) and with the BN-PAGE 
followed by western blotting with the CP43 antibody (Figure 3.11).  
 
 
Figure 3.12. 2D gel electrophoresis analysis of thylakoid membrane protein complexes. 
Solubilised thylakoid membrane proteins run on BN-PAGE (4–16%) then SDS-PAGE 
(12%). Coomassie stain images for control (panel A) and Y244A (panel B); Number 
indicates the sample for mass spectrometry analysis.  
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3.5. High light sensitivity assay 
The previous data suggested that the introduction of mutations at the position of 
Tyr-244 in D2 had an impact on the structure and function on PS II. To investigate the 
impact of assembly and repair mechanisms of PS II in these mutants, their susceptibility 
to photodamage was assessed by following the effect of high light on oxygen evolution 
in the presence of the specific PS II electron acceptor DMBQ (together with K3Fe(CN)6) 
and bicarbonate, which supports whole chain electron transport as mentioned in section 
2.4.3. In the presence of DMBQ and K3Fe(CN)6, all three mutants were readily 
photodamaged during the high-light intensity treatment and the rate of oxygen evolution 
went down to 20% of the initial rate while the control was still maintaining nearly 60% 
of its initial rate during the high-light treatment. In addition, the Y244A and Y244F 
mutants were unable to recover oxygen-evolving activity during the low-light period in 
the presence of DMBQ, suggesting that the repair mechanism was impaired in these 
mutants. Unlike the Y244A and Y244F mutants, however, the Y244H mutant was able 
to slowly recover oxygen-evolving activity following high-light exposure, reaching 80% 
of its initial rate after 135 min of the recovery period (Figure 3.13A).  
Conversely, the susceptibility of the high-light-induced photodamage for all 
mutants was found to be similar to the control when PS II activity was supported by 15 
mM HCO3- (Figure 3.13B). The stabilisation of HCO3– was affected by long-lived QA- 
species (Brinkert et al., 2016). QA– accumulation under high-light conditions favours the 
release of HCO3–, reducing the production of ROS (section 1.7.2). In this experiment, 
the 15 mM HCO3– that we added seemed to compensate for the role of the bound HCO3– 




Figure 3.13. The sensitivity of oxygen evolution to high light (or photodamage) for 
control and mutants. A, Photodamage assay of control and mutants in the presence of 
DMBQ and K3Fe(CN)6; control (full black circles), Y244A (full blue circles), Y244F 
(empty blue circles), and Y244H (empty black circles). B, Photodamage assay of control 
and mutants in the presence of HCO3–. Symbols are as in panel A. In both panels, high 
light (HL) was 2000 mol photons m–2s–1 and low light (LL) was 30 mol photons m–2 
s–1. Error bars represent the standard error from three independent experiments. 
 
3.6. 35S-Met protein labelling experiment  
 The results of the high-light sensitivity assay led us to do a 35S-Met labelling 
experiment to track the repair mechanism in the Y244A and Y244F mutants. 35S-Met is 
a labelled amino acid and used to follow protein synthesis. Cells were exposed to high 
light for 45 min, and 35S-Met was added to the high-light treated cells. During mRNA 
translation of the recovery stage after high-light exposure, the newly synthesized protein 
should be labelled with 35S-Met. Samples were collected at time 45 min before the high-
light intensity and also at time 0 min, 10 min, 30 min and 120 min after high light 
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followed by thylakoid membrane extraction and BN-PAGE (Figure 3.14A). In order to 
identify the incorporation of radiolabelled Met into individual subunits during the 
recovery period, two-dimensional PAGE (SDS-PAGE after BN-PAGE) was also 
performed from the samples at 10 min, 30 min and 120 min after high-light treatment. 
Then, the newly synthesized proteins were identified by autoradiography after separation 
on a polyacrylamide denaturing gel and the results are shown in Figure 3.14.  
As shown in Figure 3.14B, the autoradiograms of two-dimensional protein 
analysis of Y244A mutants (middle panels) showed that less label was incorporated into 
PS II compared to the control (upper panels) at 10 min and 30 min after high-light 
treatment. At 120 min, the signal in Y244A cells was more prominent in PS II monomer 
than PS II dimer, showing slow dimerisation in the Y244A mutant compared to the 
control. Besides, the more incorporation of label was found in the CP43-pre-assembly 
area in the autoradiograms of Y244A cells than observed in the control, suggesting that 
the Y244A mutant had an impairment in its PS II repair mechanism compared to that 
seen with the control cells. The result was in agreement with the high-light sensitivity 
assay, indicating ~ 80% reduction of initial oxygen evolution rate during the high light 
and recovery time (Figure 3.13A). There was a small signal (labelled number 1 in the 
panel corresponding to the recovery of Y244A cells at 30 min after high-light treatment 
(middle panels in Figure 3.14B)). The signal was confirmed including the ATP synthase 
 and  subunit by mass spectrometry analysis (Table A2.2 in Appendix 2).   
The autoradiogram of Y244F mutant (lower panels in Figure 3.14B) at the 
designated time point indicated that more label was incorporated into the PS II monomer 
compared to the PS II dimer band relative to the control, showing a slow dimerisation 
process. This impaired assembly/repair process may be the reason for the reduced oxygen 
production in Y244F mutant during the low-light intensity period (Figure 3.13A). 
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However, the incorporation of label into PS II is more prominent in Y244F cells (lower 
panels in Figure 3.14B) compared to the Y244A cells (middle panels in Figure 3.14B), 
Although the Y244A and Y244F mutants exhibited a similar rate of recovery in the 
photodamage assay in the presence of DMBQ, the substitution of phenylalanine seemed 
to maintain the function of D2-Tyr244 in the repair mechanism. In regard to the PS I 
subunit, the PS I monomer subunit was seen less prominently in both mutants compared 

















Figure 3.14. Analysis of photodamage and recovery in isolated thylakoid membranes. 
Control, Y244A and Y244F cells, at a 10 g mL–1 chlorophyll concentration, were 
subjected to high light (2000 mol photons m–2 s–1) for 45 min, followed by recovery in 
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the presence of 35S-Met at low light intensity (30 mol photons m–2 s–1) for 120 min. Two 
millilitre samples were collected at the designated time points. A, Following thylakoid 
extraction and solubilisation, complexes were separated first by BN-PAGE at 45 min 
before the high-light treatment and 0 min, 10 min, 30 min and 120 min after high-light 
treatment; the bands corresponding to PS I trimer, PS II dimer, PS II monomer and RC47 
complexes are indicated. B, Autoradiograph of the two-dimensional analysis by BN-
PAGE then SDS-PAGE of samples at 10 min (left panels), 30 min (middle panels) and 
120 min (right panels) during the recovery period; PS I, D1, D2, CP47 and CP43 bands 
are indicated. Number indicated in Y244A panels represents the sample for mass 
spectrometry analysis.  
 
3.7. Autoradiograph 2D western blot analysis  
To confirm the identity of the specific 35S-Met-labelled proteins within the 
complexes separated by BN-PAGE, a western blot was carried out in which labelled 
complexes obtained from 120 min after high-light treatment were separated in the second 
dimension by SDS-PAGE and then transferred to PVDF membrane and probed with 
specific antibodies to D1, D2, CP47, CP43 and PsaA. As a consequence, the spot giving 
rise to a signal in an autorad was directly tested against the corresponding antibody. 
In Figure 3.15, a comparison is provided between control strain (upper panels 1-
6) and Y244A cells (lower panels 7-12). In these panels, the labelling for the control and 
Y244A cells found in the corresponding monomer and dimer bands from the parent BN-
PAGE gel were identified using specific antibodies to D1, D2, CP43, CP47 and PsaA is 
shown. In addition, label was observed in bands corresponding to the CP43 and CP47 
pre-assembly complexes that had been identified using the corresponding antibodies 
(Figure 3.15, panel 10 and 11). 
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The results with 35S-Met labelling therefore provided further evidence of defects 
in the repair mechanism of PS II in Y244A mutant. The interesting point here is that the 
data from BN-PAGE of Y244A mutant where the cells had not been exposed to high 
light (Figure 3.11) exhibited no accumulation in CP47 pre-assembly complex in the 
presence of CP47 antibody (Figure 3.11D); however, after the high-light treatment, the 
result demonstrated an accumulation of the CP47 pre-assembly complex in the Y244A 
mutant. Hence the data indicate that in Y244A cells, the incorporation of the CP47 pre-













Figure 3.15. Autoradiograph 2D western blot analysis for the control (panel A) and 
Y244A mutant (panel B). Control and Y244A cells, at a 10 g mL–1 chlorophyll 
concentration, were subjected to high light (2000 mol photons m–2s–1) for 45 min, 
followed by the recovery in the presence of 35S-Met under low light (30 mol photons 
m–2s–1) for 120 min. Two millilitres of samples were collected after 120 min of high-
light treatment, isolated thylakoids were separated first by BN-PAGE then SDS-PAGE 
and then transferred onto PVDF membrane and probed with specific antibodies (D1, D2, 
CP47, CP43 and PsaA antibodies). Panel A-1, Autoradiograph 2D gel of the control 
strain. Panel A-2 to 6, 2D western blot analysis of the control strain with indicated 
antibodies. Panel B-7, Autoradiograph 2D gel of the Y244A strain. Panel B-8 to 12, 2D 
western blot analysis of the Y244A strain with indicated antibodies. 
 
3.8. Gel shift loss and spontaneous mutation 
During this study, the Y244A mutant lost the BN-PAGE gel shift observed in 
Figure 3.11 with the mobility of the monomer and dimer bands resembling the relative 
positions seen in the control and other mutants (Figure 3.11). The original BN-PAGE 
and western blot data was collected and repeated three times between September and 
 
 103 
October of 2017. A further BN-PAGE and western blot (Figure 3.16) performed in mid-
year 2018, however, did not show the mobility shift, although the mutant retained an 
accumulation of the CP43 pre-assembly complex as in Figure 3.11E. Hereafter, the 
Y244A mutant showing gel shift loss was named as Y244A´. 
 
 
Figure 3.16. Blue-native (BN) PAGE followed by western blot analysis. A, BN-PAGE 
gel. B, western blot with an antibody against CP43. Lanes are: (1) Wild type (2) control 
and (2) Y244A´. 
 
After confirming that the gel shift was no longer present in the Y244A mutant, 
room temperature fluorescence induction and decay were carried out to investigate if any 
other aspects of the Y244A mutant phenotype had changed. These experiments revealed 
that no other apparent difference was discovered between the original characterisation of 




Figure 3.17. Comparison of control strain, Y244A old strain and Y244A´ mutant for 
chlorophyll a fluorescence measurement upon illumination of dark-adapted cells. A, 
Variable fluorescence induction in the absence of DCMU. B, Variable fluorescence 
induction in the presence of DCMU. C, Variable fluorescence decay following a single 
turnover actinic flash in the absence of DCMU. D, Variable fluorescence decay following 
a single turnover actinic flash in the presence of DCMU. In all panels, the symbols are: 
control (filled black circles), Y244A (filled blue circles) and Y244A´ (empty blue 
diamonds). Only selected data points are shown for clarity. Data displayed are from the 
average of three independent experiments. 
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Then, an SDS-PAGE was run to see the individual subunit mobility as a small 
gel shift in the previous BN-PAGE and western blot was seen in all complexes including 
the PS I trimer, the PS II dimer and the PS II monomer in the presence of four specific 
antibodies (Figure 3.11). However, as shown in Figure 3.18, the D1 subunit, D2 subunit, 




Figure 3.18. SDS polyacrylamide gel electrophoresis followed by western blotting probed 
with antibodies. A, western blot with an antibody against D1. B, western blot with an 
antibody against D2. C, western blot with an antibody against CP47. D, western blot with 
an antibody against CP43. The lanes are (1) wild type (2) control (3) Y244A´  
 
The genes encoding the major protein subunits of PS II (D1, D2, CP47 and CP43) 
were checked via Sanger sequencing but no change was observed beyond that the 
introduced mutation (Tyr to Ala) (not shown). Finally, whole genome sequencing for the 
Y244A´ was carried out to compare any sequence changes with the control strain 
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(Khaing et al., 2020). Geneious® version 11.1 software was used to analyse and compare 
the data from the control and Y244A´ (section 2.5.3).  
Two potential single nucleotide polymorphisms (SNPs) were observed in the 
Y244A genomic sequence, showing ~ 100% variant frequency (Table 3.7). These two 
variants were verified by Sanger sequencing using the primers shown in Table 2.8. A 
nucleotide transversion from a G to a T was identified in the HrcA transcriptional 
regulator (sll1670) resulting in an Ala to Ser change (Table 3.7). The second confirmed 
change was also the change from a G to a T in the sll0811 gene (unknown function) 
(Table 3.7). These two genes were also checked in a newly transformed Y244A mutant 
strains (after we performed the new transformation); however, this new Y244A mutant 
indicated no mutations in these region.
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Table 3.7. Comparison of SNPs and indels identified in the Y244A´ compared to control strain. 








1 258265 sll1670 99% G to T Transversion Ala to Ser HrcA family transcriptional regulator 




3.9. Spontaneous mutations in newly transformed Y244A mutant  
  Since the previous Y244A strain had shown inconsistent results, a new Y244A 
strain was developed. On the first attempt, confirmation of the complete segregation for 
the introduced mutation was confirmed by colony PCR and this was followed by Sanger 
sequencing to check the introduced mutation. Unexpectedly, a 66 bp spontaneous 
insertion (hereafter, Y244AI), was observed near the mutation site of the new Y244A 
mutant (Figure 3.19). 
 
  
Figure 3.19. Location of 66 bp insertion in Y244AI strain, this 66 bp is the duplication 
of the amino acid number 239 to 249 of D2 protein including mutation changes which 
is shown in number 1, 2 and 3. In copy 3, one bp change (black arrow) was found at the 
beginning of 33 bp insertion (CAA (Gln) to AAA (Lys)).  
 
Interestingly, this 66 bp insertion was the duplication of 11 amino acids (33 bp) 
(corresponding to the D2 residues 239 to 249) of psbDI gene, including the nucleotide 
changes responsible for the Tyr to Ala mutation (Figure 3.19). This insertion sequence 
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therefore carried three copies of the introduced Ala substitution originally introduced at 
Tyr244.  
The physiological characterisation for Y244AI was also performed (Figure 3.20), 
the Y244AI exhibited a similar low-temperature fluorescence emission spectrum 
following excitation at 440 nm and 580 nm excitation as observed for the original Y244A 
mutant although photoautotrophic growth rate was inhibited in Y244AI strain (Figure 
3.20A). Besides, this Y244AI strain was able to produce a little oxygen in the presence 
of HCO3- (Table 3.8). When the room temperature fluorescence induction was carried 
out in the presence or absence of DCMU, the variable fluorescence from the Y244AI 
strain was quenched. However, in the chlorophyll a fluorescence decay measurement 
following a single actinic flash in the presence DCMU, the Y244AI strain showed a faster 
back reaction (Figure 3.21D), which was one characteristic of the original Y244A mutant 









Figure 3.20. Comparison of control 
strain, the Y244A mutant and Y244AI. 
A, Photoautotrophic growth curve of 
control (black solid line), the original 
Y244A mutant (blue dotted line), and the 
Y244AI (black dashes line). The error 
bars represent the standard error from 
three independent experiments. B, Low-
temperature fluorescence emission 
spectra following excitation at 440 nm. 
C, Low-temperature fluorescence 
emission spectra following excitation at 
580 nm. In both panels, labelled are as in 
Figure A, spectra are the average of three 
independent experiments, normalised to 




Table 3.8. Relative rates of oxygen evolution (mol O2 mg Chl a-1 h-1) for control and 
D2-Tyr244 mutants in the presence of 0.2 mM DMBQ and 0.2 mM DCBQ with 1 mM 
K3Fe(CN)6 and 15 mM sodium bicarbonate. The errors displayed in the table are the 
standard errors calculated from the average of three independent experiments. 
Electron acceptor Control  Original Y244A mutant Y244AI strain 
DMBQ 409 ± 39   35 ± 10   0 ± 0 
DCBQ 523 ± 12 138 ± 5 13 ± 6 







Figure 3.21. Comparison of control strain, Y244A and Y244AI strains for chlorophyll a 
fluorescence measurement upon illumination of dark-adapted cells. A, Variable 
fluorescence induction in the absence of DCMU. B, Variable fluorescence induction in 
the presence of DCMU. C, Variable fluorescence decay following a single turnover 
actinic flash in the absence of DCMU. D, Variable fluorescence decay following a single 
turnover actinic flash in the presence of DCMU. In all panels, the symbols are: control 
(filled black circles), Y244A (filled blue circles) and Y244AI (filled blue triangles). Only 




Because of these insertions, a further Y244A mutant was created (hereafter, 
Y244AN strain), and checked by Sanger sequencing (Figure 3.22). As noted above, this 
strain did not contain the mutations listed in Table 3.7. Finally to complete the 
characterisation of the Y244AI and Y244AN strains, BN-PAGE followed by western blot 
analysis was performed. This included thylakoids from the Y244AN mutant where the 
cells had been harvested  at different OD730 nm (0.5, 1 and 1.5), to verify that the observed 
gel shift was not affected by the age of the culture. In this experiment,  a gel shift was 
observed in all-newly transformed mutants (Figure 3.23). 
 
 
Figure 3.22. Confirmation of the introduced mutation in D2-Tyr244 residue after 






Figure 3.23. Blue-native (BN) PAGE followed by western blot analysis. A, BN-PAGE 
gel. B, western blot with an antibody against D1 antibody. Lanes are (1) control (2) 
Y244AI (3) Y244AN (OD730 nm - 0.5) (4) Y244AN (OD730 nm - 1) (5) Y244AN (OD730 nm -
1.5); For lanes 3- 5, thylakoid extraction was done from the samples of different  












In this chapter, the role of the D2-Tyr244 residue has been studied. The D2-
Tyr244 residue has a direct hydrogen-bond with the HCO3- ion ligated to the NHI 
between the QA and QB electron acceptors of PS II.  
3.10.1. A reduction in photoautotrophic growth rate and impaired PS II assembly 
in the D2-Tyr244 mutants 
All D2-Tyr244 mutants (Y244A, Y244F, and Y244H) showed impaired 
photoautotrophic growth compared to the control, and the Y244A strain was severely 
affected (Figure 3.3A). The reduction of the growth rate is probably due to reduced levels 
of PS II assembly, as indicated by the 77 K fluorescence emission spectra (Figure 3.3B). 
This result was consistent with the BN-PAGE and western blot results (Figure 3.11E), 
which showed the accumulation of a complex containing the CP43 subunit in all mutants. 
This might contribute to the emission peak in 685 nm at the 580 nm excitation 
wavelength in 77 K due to the uncoupled energy distribution from the phycobilisome to 
the PS II reaction centre (Figure 3.3C).  
The accumulation of the CP43-pre-assembly complex was also confirmed by 2D 
gel electrophoresis (Figure 3.12B) and mass spectrometry (Table A2.1 in Appendix 2) 
for the Y244A mutant. The fluorescence induction in the presence of DCMU also 
confirmed the reduced number of active PS II centres present in these mutants (Figure 
3.4B). All of these results provided evidence indicating a reduction in assembly of PS II 
in D2-Tyr244 mutants. The introduction of site-directed mutations in D2-Tyr244 might 
cause destabilisation of the hydrogen bond with HCO3– and seemed to contribute to the 
loss of function of HCO3– in the biogenesis of PS II. However, the assembly of PS II in 
Synechocystis 6803 was stable in the mutants of D1-Tyr246 residue, which also forms a 
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hydrogen bond with HCO3- (Forsman et al., 2019). As shown in Figure 3.2, D2-Tyr244 
residue also makes a hydrogen bond with the D2-Lys264 residue, which also may 
contribute to the stabilisation of the QA-NHI-QB complex via D2-His268 and the HCO3- 
ion. Besides, the interactions including polar and non-polar contacts provided by D2-
Tyr244 in the stabilisation of HCO3- ion was more obvious than D1-Ty246 according to 
the Figure 3.24 using PyMOL (PDB4UB6). This might be one of the reasons to 
destabilise the PS II structure in D2-Tyr244 mutants. 
 
 
Figure 3.24. Comparison of all putative direct interactions between the D2-Tyr244 and 
D1-Tyr246 residues and the bicarbonate ion that are within a 4 Å range. Red spheres 
indicate water molecules. Oxygen atoms are shown in red and nitrogen atoms are shown 





3.10.2. Different sensitivity of artificial quinones and exogenous bicarbonate 
addition in O2 evolution measurements 
The impairment of the assembly had a significant effect on the activity of PS II 
in these mutants, as shown by the reduction of oxygen evolution in the presence of 
DMBQ and DCBQ (Table 3.1). Since all these mutants barely produced the oxygen in 
the presence of the artificial electron acceptor DMBQ, which is specific to the QB binding 
site, it appeared that there was a severe inhibition at the QB-binding site. However, 
oxygen evolution supported by DCBQ with K3Fe(CN)6 was slightly higher than the 
oxygen evolution in the presence of DMBQ with K3Fe(CN)6. (Table 3.1). The results 
were consistent with the flash-induced TL experiment, indicating the incomplete 
blockage of higher S-state turnover of the water-oxidising complex, which might lead to 
the reduction of oxygen evolution activity in these mutants compared to their control. 
However, all of these mutants were able to produce oxygen in the presence of HCO3–, 
indicating that a 15 mM concentration of exogenous bicarbonate was able to compensate 
for the role of the HCO3– ligand in the process of oxygen evolution (Table 3.1).  
3.10.3. Impaired electron acceptor side reactions were observed in D2-Tyr244 
mutants 
The reduced level of PS II assembly was correlated with reduced PS II-specific 
variable fluorescence induction in the Y244A mutant, which showed a lack of the OJIP 
sequence (Figure 3.4A). In contrast, Y244F and Y244H mutants revealed the impaired 
forward electron transfer from QA– by the initial rapid increase in the J inflection 
followed by loss of complete reduction of QA (Figure 3.4A).  
 Evidence for impaired forward electron transfer and an altered acceptor side were 
also observed in the chlorophyll fluorescence decay measurements following a single 
actinic flash in the mutants. The fast phase of all three mutants showed a notable increase 
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in the absence of DCMU, indicating the slower oxidation of QA- by bound QB, and, 
besides, the data demonstrated a decreased amplitude for all mutants compared to their 
control, suggesting that a large fraction of PS II centres in these mutants have an empty 
QB-binding site in the dark state. This slowed fast phase was followed by the delayed 
binding of the PQ molecules at the QB site, exhibiting an approximately 2.5-fold increase 
in the rate of the intermediate component of fluorescence decay in all D2-Tyr244 mutants 
(Figure 3.4C and Table 3.2) and also showing the slowed half-time in a slow component. 
The interesting thing to note in the Y244F mutant in the fluorescence decay in the 
absence of DCMU is that there was a wave feature in the fluorescence decay curve 
although the Y244H strain also had this wave nature but it was not prominent (Figure 
3.4C). Besides, that wave feature in Y244F mutant was clearly seen in the flash-induced 
fluorescence decay following single-turnover flashes spaced at 1 s (1 Hz) intervals 
(Figure 3.6). In a previous article, the wave feature of wild type Synechocystis 6803 and 
other cyanobacteria was observed due to a high reduction of PQ pool accompanied by an 
increased activity of the NDH1 complex under the condition of oxygen deprivation in 
the samples (Deák et al. 2014). In here, the Y244F strain itself produces the wave feature 
in the fluorescence decay without having any induction effect.  
As mentioned in section 3.4.5, the millisecond and second component of 
fluorescence decay in the presence of DCMU originates from the TyrZ˚QA- 
recombination and S2QA- recombination, respectively (Vass et al., 1999; Allahverdiyeva 
et al., 2004). The data obtained from the fluorescence decay measurement in the presence 
of DCMU in these mutants indicated that there was a slower back reaction especially in 
Y244F and Y244H mutants compared to the control (Figure 3.4D and Table 3.2) and the 
findings were in agreement with TL measurement in the presence of DCMU, showing 
an increased charge stabilisation reflected in a higher temperature shift in the Q band 
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derived from S2QA- recombination (Figure 3.9 and Table 3.6). The correlated data from 
fluorescence decay measurement following a single actinic flash and TL measurement 
suggested that there was an obvious impairment in electron transfer reactions between 
QA and QB. One of the possibilities might be the destabilisation of QA–NHI–QB complex 
as a consequence of a conformational change arising in the absence of a bound 
bicarbonate ligand in the D2-Tyr244 mutants.  
  In contrast, Y244A mutants showed a faster millisecond component, which is 
derived from TyrZ˚QA- recombination, with higher contribution to the whole relaxation 
(t1/2 1 ms [amplitude 28%]) compared to their control (t1/2 1.6 ms [amplitude 10%]) in the 
presence of DCMU (Figure 3.4D, Table 3.2 and Figure 3.20). The previous data indicated 
that the fast fluorescence decay in the presence of DCMU was observed when the Mn 
cluster (donor side) was impaired due to UV light or induced mutations (Chu et al., 1995; 
Vass et al., 1999; Allahverdiyeva et al., 2004). Based on the previous results, there may 
be an impairment in the functional Mn cluster in the Y244A mutant. Surprisingly, the 
data from the Y244A mutant in this study coincided with the results from Mn-depleted 
strains (Salomon and Keren, 2011). In their paper, they found that QA re-oxidation 
became faster in cells grown in Mn-depleted media, and they also mentioned a small 
upper shift in the mobility of the BN-PAGE band in their Mn-limited strains. This may 
be a possible explanation for the gel shift in the BN-PAGE and western blot with the 
specific antibodies in our Y244A mutant, although, we tried to find out the reasons for 
the gel shift in Y244A mutant through 2D gel electrophoresis and mass spectrometry. 
Despite confirming the accumulation of the CP43 complex by mass spectrometry, we 
were not able to get a conclusion regarding the small gel shift in Y244A mutant. As 
mentioned in section 1.7.1, the correlation between bicarbonate ligand and the donor side 
of PS II is still under debate. However, in here, it could be suggested that the replacement 
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of the Ala residues in D2-Tyr244 may induce the destabilisation of HCO3– and leading 
to loss of function of HCO3–, which can possibly be involved in the role of photoassembly 
of the Mn4CaO5 cluster in PS II (Baranov et al., 2004; Dasgupta et al., 2008).  
 The alteration of the QB binding site in D2-Tyr244 mutants was also supported 
by the result of fluorescence decay measurement following two flashes, three flashes and 
five flashes spaced at 200 ms intervals (or 5 Hz), demonstrating the apparent increase in 
the fast and intermediate component as the number of flashes increased in all D2-Tyr244 
mutants compared to their control (Figure 3.5 and Table 3.3). As discussed in section 
3.4.6, the flash-induced fluorescence decay investigated the turnover of the two-electron 
gate (Figure 1.11). Delayed turnover of the two-electron gate might be due to delayed 
proton transfer and the retardation of the quinone exchange activity at the QB-binding 
site. These data suggested that the structural instability of HCO3- due to the introduced 
mutations might lead to delayed turnover of the two-electron gate in these mutants and 
this might be the reason of loss of complete reduction of QA molecules, shown in a lower 
P peak in Figure 3.4A. Since a role for HCO3- has been postulated in the protonation 
pathway (Eaton-Rye et al., 1986, Petrouleas et al., 2005; Cox et al., 2009; Shevela et al., 
2012; Saito et al., 2013; Brinkert et al., 2016), these findings provided more evidence to 
the HCO3- involving the delivery of 2nd proton through the D1-His272 and D1-His215 to 
the PQ at the QB binding site.  
In addition, when we investigated the effect on HCO3- in the electron transfer 
reactions, the observed increased fast and intermediate phases of fluorescence relaxation 
following a single turnover actinic flash in these mutants were restored after the addition 
of 15 mM HCO3– (Figure 3.7 and Table 3.5). This condition would be further evidence 
of HCO3– involvement in facilitating the electron transfer reactions. Then, the slow 
electron transfer, after the addition of 25 mM formate, suggested that the HCO3- binding 
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to the NHI still remained in these mutants since we observed the formate inhibition. After 
the addition of formate and bicarbonate together, we were able to see the reversible 
effects of HCO3– on formate-induced inhibition in the Y244H mutant and the control; 
whereas, only a slight bicarbonate-reversible effect was found in Y244A and Y244F 
mutants.  
3.10.4. Effects of D2-Tyr244 mutants on photoinhibition in PS II 
  The data from the high-light treatment indicated that all D2-Tyr244 mutants were 
highly susceptible to photodamage and that there was a slow repair mechanism in the 
presence of DMBQ with K3Fe(CN)6 compared to their control (Figure 3.13). As 
mentioned in section 1.5.2, the 1st site of the photodamage is the OEC, followed by the 
reaction centre protein environment damage due to the highly reactive oxygen species 
(ROS) produced by intense light. Based on our oxygen evolution results (Table 3.1), the 
OEC of D2-Tyr244 mutants was unable to function correctly even in low light (30 µmol 
photons m-2 s-1); therefore, continuous high light intensity might be a detrimental effect 
for the OEC. Besides, this high-light intensity will gradually diminish the forward 
electron transfer and increased formation of QA-˚, and this condition leads to back 
electron transfer and favours the formation of superoxide and singlet oxygen (Figure 
1.6). All these effects might worsen in the D2-Tyr244 mutants, demonstrating less 
tolerance to high-light intensity. However, the Y244H mutant showed the recovery 
during the low-light period, whereas, Y244A and Y244F cells failed to recover. 
3.10.5. Effects of introduced mutations on the protein synthesis during the repair 
mechanism by 35S-Met protein labelling experiments 
The 35S-Met labelling experiments were performed in control and mutants 
(Y244A and Y244F) to track the repair mechanism of PS II. As described in section 
1.5.3, the D1 protein is the first protein synthesised in the repair mechanism, the data 
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obtained in this study provide more evidence for early up-regulation of D1 synthesis in 
the repair mechanism (Figure 3.14B - control panels). Our control data indicated that de 
novo synthesis of PS II core proteins was required to maintain PS II activity aside from 
the up-regulation of D1 protein synthesis after the high-light treatment. In addition, the 
process of up-regulation of PS I synthesis was observed during the recovery stage (Figure 
3.14 - control panels). 
In contrast, the data obtained from the Y244A mutant (Figure 3.14B - Y244A 
panels) revealed that there was a defect in the repair mechanism providing consistent 
results to the photodamage experiments (Figure 3.13). We noticed that even the D1 
protein was unable to be synthesised until after 30 min in the Y244A mutant. At 120 min, 
a slow dimerisation process and an accumulation of CP43-pre-assembly complex 
(labelled number 3) were observed. The autoradiograph 2D western blot analysis after 
high-light treatment also confirmed this result by showing an accumulation of pre-
assembly complexes when we probed with CP43 and CP47 antibodies (Figure 3.15). All 
these data from 35S-Met labelling in the Y244A mutant suggested that there was an 
ineffective repair mechanism leading to less PS II assembly. 
On the other hand, although the Y244F mutant showed a similar recovery of 
oxygen evolution as seen with the Y244A mutant following high-light treatment (Figure 
3.13), 35S-Met labelling experiments with the Y244F mutant indicated that there was a 
better uptake of the label than with the Y244A mutant. Nevertheless, the Y244F mutant 
also showed the slow dimerisation process (Figure 3.14- Y244F panels), and this might 
lead to produce less oxygen evolution during the recovery period.  
Changes in the D2-Tyr244 residue, which makes a direct hydrogen-bond 
connection with HCO3- have a profound effect on the PS II repair mechanism, especially 
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in the Y244A mutant. The drastic inhibition of repair which leads to an adverse effect in 
PS II activity after disruption of HCO3- stabilisation in the Y244A mutant might also be 
due to the imbalance between ROS production and the ROS scavenging mechanism 
rather than direct involvement of HCO3- in the repair mechanism. Based on the previous 
studies, this accumulation of ROS, especially singlet oxygen, can inhibit D1 and D2 
reaction centre synthesis by retarding the synthesis of the D1 protein and also the repair 
mechanism of PS II (Nishiyama et al., 2004; Inoue et al., 2011; Nath et al., 2013; Jimbo 
et al., 2019). As shown in Figure 1.6, any impairment in charge separation and charge 
recombination pathway can produce ROS; therefore, the Y244A mutant, which had the 
most severe phenotype, in terms of structure and function (acceptor side as well as donor 
side reactions), may have an increased production of ROS relative to the Y244H and 
Y244F strains. 
However, as discussed earlier, these mutants showed an impairment of PS II 
assembly (Figure 3.3B, 3.4B, 3.11E and 3.12) even under 30 µmol photons m-2 s-1, which 
is considered optimal for growth. Therefore, one thing that needs to be considered is that 
the primary dysfunctional biogenesis in Y244A mutant can influence the normal repair 
process. Nevertheless, the interesting point in here is that there is an accumulation of the 
CP47 pre-assembly complex after the high-light exposure (Figure 3.15B-10) although 
this accumulation of the CP47 pre-complex complex does not appear when grown under 
low light as shown when we probed with the CP47 antibody using BN-PAGE followed 
by western blotting (Figure 3.11D). These data suggested that HCO3- might play in the 
biogenesis and repair mechanism alongside its involvement in the PS II activity, although 
the detailed mechanism is uncertain. 
Alteration of the Tyr-244 amino acid residue in the D2 protein with alanine, 
phenylalanine, and histidine exhibited different phenotypes. We observed that the 
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Y244A mutant was severely restricted in terms of PS II assembly and activity compared 
to Y244F and Y244H mutants. It is probable that the side chain structure of 
phenylalanine and histidine was able to maintain some of the functions of a tyrosine 
residue in the stabilisation of HCO3– but alanine, which is one of the smallest amino 
acids, failed to exhibit these properties.  
Besides, there was a spontaneous mutation in Y244A newly transformed mutant, 
showing the duplication of 11 amino acids (number 239 to 249 of D2 protein). Although 
it was difficult to anticipate the cause of these insertions in the Y244A mutant at this 
stage, one possibility may be that D2-Tyr244 plays a significant role in PS II, and the 
gene tried to overcome the functional constraints derived from the introduced mutation 
site. In previous studies (Kless et al., 1993), a similar finding was also observed after 
they replaced eighteen amino acid residues in the DE loop region of psbDI gene, this 
introduced sequence caused the frame shift mutation in psbDI gene. However, they 
discovered the five intragenic suppresor mutants based on the strains they created. 
Interestingly, four out of five intragenic suppresor mutants restored to the original 
sequence apart from a short insertion and these supppressor strains were able to perform 
PS II function. One out of five suppressor mutants showed the duplications of 94 bp of 
psbDI gene as well as 25 bp insertion. Similar changes also occurred in the corresponding 
region (DE loop) of the D1 protein encoded by the  psbA gene (Kless and Vermaas 1995).  
3.11. Conclusion 
In summary, D2-Tyr244 mutants have been characterised; they all showed 
impaired assembly, and lower production of oxygen evolution in the presence of artificial 
electron acceptors. In addition, acceptor side electron transfer was altered in these strains, 
with impaired electron transfer between QA and QB, delayed protonation and impaired 
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quinone exchange at the QB site. Besides, a more stabilised QB- species (in the absence 
of DCMU) and QA- species (in the presence of DCMU), which provides more evidence 
to slow electron transfer, was also discovered. These mutants were more susceptible to 
high light and unable to perform the repair mechanism effectively especially the Y244A 
and Y244F mutants. These results indicate that disruption of HCO3– binding impairs both 
the assembly and electron transfer, with the most severe phenotype arising when Tyr-
244 is replaced with Ala. Overall, the D2-Tyr244 residue plays a major role in stabilising 




































Role of Glu242, Thr243 and Lys264 of D2 reaction centre protein in 
the hydrogen-bond network around the bicarbonate-binding 
environment 
4.1. Introduction 
 As discussed earlier, bicarbonate as well as the hydrogen-bond network around 
the bicarbonate-binding environment are proposed to play a role in the 2nd protonation 
pathway associated with QB reduction. As shown in Figure 4.1, the water molecules, 
W582 and W622 are crucial players to maintain the stabilisation of bicarbonate in a 
proper position and they are also suggested to participate in the 2nd protonation pathway 
(Shevela et al., 2012). D2-Thr243 provides a direct hydrogen-bond connection with 
W582 (they are within of 2.8 Å range of each other). The D1-Glu244 amino acid residue 
has a hydrogen-bond connection with W582 (2.6 Å) and W622 (3.6 Å). D1-Glu244 
mutants had a large effect on the electron transfer reactions between QA and QB (Forsman 
et al., 2019). The D1-Glu244 residue also has a hydrogen bond with D2-Lys264 (within 
a 3.2 Å range). As mentioned in chapter 1, the D2-Lys264 residue forms hydrogen bonds 
with D2-Glu242, D2-Tyr244 and also D2-His268; this last residue is one of the four His 
ligands stabilising the non-heme ion (Figure 4.1). Besides, the nitrogen atom of amino 
group in D2-Lys264 also has a potential hydrogen-bond connection with the oxygen 
atom of bicarbonate ion (they are within 4.3 Å). 
In the previous chapter, the D2-Tyr244 residue, which has a direct hydrogen-
bond connection with the bicarbonate ligand, has been investigated and it affected the 
structure, function and even repair mechanism of PS II when bicarbonate stability was 
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disrupted. In this chapter, the amino acid residues in the hydrogen-bond network around 
the bicarbonate-binding environment were chosen to learn the role of these residues in 
the PS II activity of Synechocystis 6803.  
 
 
Figure 4.1. Hydrogen-bond network around the bicarbonate-binding environment. D2-
Glu242 (orange), D2-Thr243 (green) and D2-Lys264 (yellow) are highlighted in this 
figure with other amino acid residues labelled. BCR represents bicarbonate, Fe is the 
non-heme iron, and red spheres indicate water molecules. Oxygen atoms are shown in 
red and nitrogen atoms are shown in blue. Dashed black lines indicate hydrogen bonds 
with distances of 3.6 Å or less. The figure was generated using PyMOL (Delano 2001) 
and PDB 4UB6. 
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4.2. Choice of mutants 
In this chapter, three amino acid residues (Glu242, Thr243 and Lys264) of the 
D2 reaction centre protein around the bicarbonate-binding environment were selected to 
investigate the effects of these amino acid residues on the structure, electron transfer and 
protonation pathway at the acceptor side of PS II. For the D2-Glu242 amino acid residue, 
glutamate was replaced by alanine (one of the smallest amino acids) and aspartate 
(maintaining the charge), creating two mutants, D2-E242A and D2-E242D. For the D2-
Thr243 amino acid residue, threonine was changed into alanine, forming D2-T243A. The 
D2-Lys264 residue was mutated into alanine and glutamate (to change the charge), 
generating D2-K264A and D2-K264E.  
4.3. Chapter outline 
 This chapter is divided into three sections; the first section describes the Glu242 
mutants which includes the physiological characterisation under standardised conditions, 
the second section includes the physiological characterisation of the Thr243 and Lys264 
mutants compared to their control and the third one is related to the high-light sensitivity 
and 35S-Met protein-labelling experiments for the Thr243 and Lys264 mutants. 
4.4. Physiological characterisation of the D2-Glu242 mutants 
The physiological characterisation of the D2-Glu242 mutants included 
photoautotrophic growth, low temperature (77 K) fluorescence emission spectroscopy, 
oxygen evolution measurements, chlorophyll a fluorescence measurement (fluorescence 
induction and fluorescence decay measurements following single-turnover actinic 
flashes), thermoluminescence measurements, BN-PAGE followed by western blotting 





Figure 4.2. Photoautotrophic growth, 
low-temperature (77 K) fluorescence 
emission spectra for the control and 
mutants. A, Photoautotrophic growth 
curve of control (full black circles), 
E242A (empty blue triangles), and 
E242D (full blue triangles). The error 
bars represent the standard error from 
three independent experiments. B, Low-
temperature fluorescence emission 
spectra following excitation at 440 nm 
for control (black solid line), E242A 
(blue dotted-dashes line), and E242D 
(blue dashes line). C, Low-temperature 
fluorescence emission spectra following 
excitation at 580 nm for control (black 
solid line), E242A (blue dotted-dashes 
line), and E242D (blue dashes line). In 
panels B and C, spectra are the average 
of three independent experiments, 




4.4.1. Photoautotrophic growth curve and low temperature (77 K) chlorophyll a 
fluorescence emission 
 As shown in Figure 4.2, the photoautotrophic growth rate of the D2-Glu242 
mutants was similar to the control (doubling time, 13.5 h) while the E242A and E242D 
strains were 15 h and 15.5 h, respectively. Then low temperature (77 K) emission 
spectroscopy was performed to study the effects of the introduced mutations on the PS 
II: PS I ratio and energy transfer from the phycobilisome to PS II. For the E242A and 
E242D mutants, the fluorescence emission spectra following excitation at 440 nm and 
580 nm indicated that the level of assembled PS II was similar to the control (Figure 4.2B 
and 4.2C). These mutants showed no effects on the structure of PS II based on the 
photoautotrophic growth and 77 K results. 
4.4.2. Oxygen evolution measurement  
Oxygen evolution rates shown in Table 4.1 indicated a slight reduction of oxygen 
evolution in all mutants with E242A and E242D cells, demonstrating 311 (76%), and 
272 (67%) mol O2 per mg chlorophyll a per hour, respectively, compared to their 
control (control - 409 mol O2 per mg chlorophyll a per hour) in the presence of DMBQ 
and K3Fe(CN)6. In the presence of DCBQ with K3Fe(CN)6, E242A and E242D cells 
showed 442 (85% of their control) and 457 (87% of their control) mol O2 per mg 
chlorophyll a per hour. In the presence of bicarbonate, for the whole-chain oxygen 
evolution support, both mutants showed just 10% reduction in their rate of oxygen 
evolution compared to their control.  
Based on the oxygen results, these mutants seemed to affect the QB-binding site, 
as they showed nearly 35% reduction in oxygen evolution rate compared to their control 
in the presence of the artificial quinone DMBQ, which has specific binding at or close to 
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the QB-binding site. In contrast, in the presence of DCBQ, these mutants were capable 
of producing oxygen at similar rates as their control. 
 
Table 4.1. Relative rates of oxygen evolution (mol O2 mg Chl a-1 h-1) for control and 
D2-Glu242 mutants in the presence of 0.2 mM DMBQ and 0.2 mM DCBQ with 1 mM 
K3Fe(CN)6 and 15 mM sodium bicarbonate. The errors displayed in the table are the 
standard errors calculated from the average of three independent experiments. 
Electron acceptor Control E242A E242D 
DMBQ 409 ± 39 311 ± 20 272 ± 21 
DCBQ 523 ± 12 442 ± 55 457 ± 46 
HCO3- 513 ± 23 490 ± 28 476 ± 43 
 
 
4.4.3. Room temperature chlorophyll a fluorescence induction and decay 
 As oxygen data suggested to follow the electron transfer reactions in these 
mutants, the room temperature chlorophyll a fluorescence induction measurement for all 
mutants and control were performed in the presence and absence of DCMU. Both 
mutants displayed the very high J level, demonstrating slow QA- oxidation (Figure 4.3A). 
In the presence of DCMU, both mutants showed the same Fm level as their control 
(Figure 4.3B), suggesting that they all have a similar amount of PS II and this is 
consistent with the 77 K fluorescence emission results (Figure 4.2B).  
Then the fluorescence decay following a single turnover flash was performed in 
the absence or presence of DCMU (Figure 4.3C and 4.3D). The kinetic analyses are 
described in Table 4.2. In the absence of DCMU, the fluorescence decay of control was 
dominated by a fast phase (t1/2 270 s) with an amplitude of 61%. The half-time for the 
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intermediate phase was 2.4 ms with an amplitude of 31%, and the contribution of the 
slow phase was 8% (t1/2 5.8 s). For the E242A cells, the data showed a small increase in 
fast phase (t1/2 346 s with an amplitude of 61%), a slow intermediate phase (t1/2 7 ms 
with an amplitude of 32%) and a faster back reaction (t1/2 2 s with an amplitude of 7%) 
in the absence of DCMU. For E242D cells, the experiment showed the longer half-time 
with lower amplitude in the fast phase, showing t1/2 of 377 s with an amplitude of 53% 
but a stable half-life with higher amplitude in the intermediate phase (t1/2 3 ms with an 













Figure 4.3. Variable fluorescence induction and decay upon illumination of dark-
adapted cells. A, Variable fluorescence induction in the absence of DCMU. B, Variable 
fluorescence induction in the presence of DCMU. C, Variable fluorescence decay 
following a single turnover actinic flash in the absence of DCMU. D, Variable 
fluorescence decay following a single turnover actinic flash in the presence of DCMU. 
In all panels, the symbols are control (full black circles), E242A (empty blue triangles), 
and E242D (full blue triangles). Only selected data points are shown for clarity. Data 
displayed are the average of at least three independent experiments. 
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In the presence of DCMU, the fluorescence yield relaxation in control exhibited 
a fast phase component (t1/2 1.6 ms) with a 10% amplitude, and the back reaction with 
the S2 state of the OEC (slow phase) with a t1/2 of 0.7 s and amplitude of 90% (Table 
4.2). Compared to their control, the fast phase component for E242A and E242D cells 
was 3.9 ms (8.5%) and 2.1 ms (8.9%), respectively. The slow component for both 
mutants showed only minor half-time changes compared to the control, indicating a half- 
time of 1.1 s with an amplitude of 92% for the E242A mutant and a half-time of 1.3 s 
with an amplitude of 91% for the E242D mutant. Based on the previous results, these 
mutants did not affect the structure of PS II, but they showed a disturbance in the electron 


















Table 4.2. Kinetic analysis of the decay of chlorophyll a fluorescence following a single 
turnover actinic flash in the presence or absence of DCMU.  
Strain Treatment Fast Component Intermediate Component Slow Component 
  
Rate 








(t1/2 = s) 
Amplitude 
(%) 
Control No treatment 270 ± 21.0 61.0 ± 3.0 2.4 ± 0.3 31.0 ± 3.0 5.8 ± 0.7    8.0 ± 1.0 
   +DCMU   1.6 ± 0.2 10.0 ± 1.0 0.7 ± 0.1  90.0 ± 1.0 
E242A No treatment 346 ± 2.1 61.0 ± 1.5 7.0 ± 0.9 32.0 ± 1.3 2.0 ± 0.5    7.0 ± 0.2 
   +DCMU   3.9 ± 1.5   8.5 ± 1.9 1.1 ± 0.1  92.0 ± 2.0 
E242D No treatment 377 ± 33.0 53.0 ± 0.4 3.0 ± 0.0 40.0 ± 0.5 7.0 ± 0.7    7.0 ± 0.0 
   +DCMU   2.1 ± 0.2   8.9 ± 1.8 1.3 ± 0.0  91.0 ± 1.7 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
 To investigate the two-electron gate as described in section 3.4.6 in the D2-
Glu242 mutants, the fluorescence decay following three flashes spaced at 200 ms was 
performed. As shown in Figure 4.4 and Table 4.3, there was a slight increase in the fast 
and intermediate phase in the E242A and E242D mutants compared to the control, in 




Figure 4.4. Variable fluorescence decay following three saturating actinic flashes 
spaced at 200 ms intervals. The strains are control (full black circles), E242A (empty 
blue triangles), and E242D (full blue triangles). Only selected data points are shown for 
clarity. Data displayed are the average of at least three independent experiments. 
 
 
Table 4.3. Kinetic analysis of the decay of chlorophyll a fluorescence following three 
saturating actinic flashes spaced at 200 ms intervals.  
Strain Fast Component Intermediate Component Slow Component 
 
Rate 








(t1/2 = s) 
Amplitude 
(%) 
Control 321 ± 24.0  64.0 ± 1.0     3.0 ± 0.0 27.0 ± 1.0   8.0 ± 2.0   9.0 ± 0.0 
E242A 372 ± 16.0  56.0 ± 3.2     9.0 ± 0.8 33.0 ± 1.3   3.0 ± 1.1 11.0 ± 1.9 
E242D 383 ± 41.0  54.0 ± 2.3     4.0 ± 0.3 36.0 ± 2.4 11.0 ± 1.4   9.0 ± 0.1 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 




Then, the effects of formate and bicarbonate on the mutants and control were 
investigated by measuring the chlorophyll a fluorescence decay following a single 
turnover actinic in the presence of 25 mM formate and 25 mM bicarbonate. As shown in 
Figure 4.5 and Table 4.4, impaired electron transfer was seen in the presence of formate 
in the E242D mutant and in the control and addition of 15 mM bicarbonate was able to 
restore the fluorescence decay in this mutant. In addition, the E242D mutant showed a 
slight bicarbonate-reversible formate inhibition effect. However, the E242A mutant was 
insensitive to the formate and bicarbonate additions as shown in Figure 4.5B. 
 
Table 4.4. Kinetic analysis of the decay of chlorophyll a fluorescence after a single 
turnover flash for cells treated with 25 mM formate, 15 mM bicarbonate, 15 mM 
bicarbonate and 25 mM formate in D2-Glu242 mutants and the control.  












(t1/2 = s) 
Amplitude 
(%) 
Formate Control 324 ± 16 62.0 ± 0.0   7.5 ± 2.0 26.0 ± 0.3 3.1 ± 0.5  13.0 ± 0.8 
E242A 341 ± 47 57.0 ± 0.2  6.0 ± 0.2 35.0 ± 0.1 6.0 ± 1.0    8.0 ± 0.3 
E242D 457 ± 57 64.0 ± 2.4 11.0 ± 1.4 27.0 ± 1.4 4.3 ± 0.9  10.0 ± 1.0 
HCO3- Control  261 ± 10 62.0 ± 1.6   3.6 ± 1.2 27.0 ± 3.5 6.2 ± 0.0  11.0 ± 1.9 
E242A 299 ± 29 61.0 ± 0.5 6.0 ± 0.4 31.0 ± 0.3 5.0 ± 0.2    8.0 ± 0.2 
E242D 312 ± 31 55.0 ± 2.7  3.0 ±  0.6 37.0 ± 4.1 7.0 ± 2.3    8.0 ± 1.5 
Formate + 
HCO3-  
Control  250 ± 34 59.0 ± 2.5  3.2 ± 0.3 29.0 ± 0.4 3.9 ± 1.0  12.0 ± 2.9 
E242A 305 ± 17 59.0 ± 0.3  6.0 ± 0.3 33.0 ± 0.6 4.0 ± 1.0    8.0 ± 0.5 
E242D 404 ± 12 53.0 ± 0.7  3.0 ± 1.0 40.0 ± 0.1 5.0 ± 0.9    7.0 ± 0.7 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 








Figure 4.5. Variable fluorescence decay 
following a single turnover actinic flash. 
A, control (full black circles), B, E242A 
(empty blue triangles), and C, E242D 
(full blue triangles). In all panels, dark-
adapted cells were treated with 15 mM 
bicarbonate (straight line), 25 mM 
formate (dotted line), 15 mM 
bicarbonate, and 25 mM formate (dashes 
line) prior to the measurements. Only 
selected data points are shown for clarity.  
Data displayed are the average of at least 




4.4.4. Thermoluminescence measurements  
 As discussed in section 3.4.8, TL measurements can also detect modifications 
associated with electron transfer between QA and QB; therefore, TL measurements were 
performed in these mutants in the absence or presence of DCMU. In the absence of 
DCMU, the B band, which arises from S2QB- recombination, in the E242D mutant 
appeared at 38 ˚C (Figure 4.6A and Table 4.5), suggesting that more energy was required 
to recombine the electron from its trapped state on QB- while the B band in the E242A 
mutant was similar to that observed in the control. However, the TL intensity of both 
mutants decreased compared to their control (Figure 4.6A).  
In the presence of DCMU, the Q band derived from S2QA- recombination in both 
mutants showed a slightly higher temperature shift, appearing at 24 ˚C when the control 
was at 20 ˚C (Figure 4.6B and Table 4.5). This suggested that the QA- redox potential 
might be more positive than the control in these mutants in the presence of DCMU. The 
data is in agreement with the fluorescence decay measurement following a single actinic 
flash in the presence of DCMU, and both mutants showed a more stabilised QA- (Figure 
4.3D and Table 4.2).  
 Flash-induced TL measurements (section 3.4.9) were also performed to see any 
changes in the S-state distribution (Figure 4.7) in theses mutants. A typical TL band, 
which shows a high peak after 2 actinic flashes and after 6 actinic flashes was found in 
these mutants as in their control; however, a small amplitude TL oscillation pattern in 
the E242A mutant, especially at the second and third flashes (Figure 4.7B), might be the 





Figure 4.6.Thermoluminescence characteristics of the D2-Glu242 mutants. Cells were 
excited by a single actinic flash at -10 ˚C, and thermoluminescence data was recorded in 
the temperature range of - 40 ˚C to 80 ˚C in the absence of DCMU (panel A) and in the 
presence of DCMU (panel B). The measurements were performed on control (black line), 
E242A (blue dotted line) and E242D (blue line). Data displayed are from the average of 
three independent experiments. 
 
Table 4.5. Thermoluminescence temperatures of the D2-Glu242 mutants. The data were 










Control 32.0 ± 0.0 20.0 ± 0.0 55.0 ± 0.0 
E242A 32.0 ± 0.5 24.0 ± 0.0 - 






Figure 4.7. Flash induced oscillation of 
the B-thermoluminescence band in 
control and the D2-Glu242 mutants. 
Thermoluminescence was measured 
after excitation as a function of actinic 
flash number at -10˚C. The 
thermoluminescence intensity was 
plotted after normalisation to the 
emission of the 3rd to 6th flash 
intensities. A, control (black line), B, 
E242A (blue dotted line), C, E242D 
(blue line). Data displayed are the 





4.4.5. Analysis of Photosystem II assembly 
 To confirm the stability of PS II in theses mutants, blue-native polyacrylamide 
gel electrophoresis and western blotting were performed. As expected, there was no 
difference in PS II dimer and monomer bands between control and mutants (E242A and 
E242D) using specific antibodies to D1, D2, CP47 and CP43 antibodies (Figure 4.8). 
These D2-Glu242 mutants showed no impact on PS II assembly, and the result was 
consistent with 77 K fluorescence emission data (Figure 4.2B) and also fluorescence 
induction measurement in the presence of DCMU (Figure 4.3B). 
 
 
Figure 4.8. Blue-native (BN) PAGE followed by western blot analysis. A, BN-PAGE 
gel. B, western blot with an antibody against D1. C, western blot with an antibody against 
D2. D, western blot with an antibody against CP47. E, western blot with an antibody 




4.4.6. High-light sensitivity assay 
The sensitivity of cells to high light was evaluated in the presence of the PS II-
specific electron-accepting system DMBQ and K3Fe(CN)6. The E242D mutant displayed 
a 60% reduction of its initial oxygen evolution rate during the high-light exposure (2000 
µmol photons m-2 s-1), but it was able to support ~ 90% oxygen evolution rate compared 
to the control following recovery under low light (30 µmol photons m-2 s-1). In contrast, 
the E242A mutant showed a sensitivity to high light that was similar to the control as 
well as recovery nearly 90% of its initial oxygen evolution during the low-light period. 
In the presence of bicarbonate, both mutants were able to support oxygen evolution under 
high light intensity and low light intensity at levels comparable to those obtained with 
control cells (Figure 4.9B). From the high-light sensitivity assay, the D2-Glu242 mutants 










Figure 4.9. The sensitivity of oxygen evolution to high light (or photodamage) for 
control and mutants. A, Photodamage assay of control and mutants in the presence of 
DMBQ and K3Fe(CN)6; control (full black circles), E242A (empty blue triangles), and 
E242D (full blue triangles). B, Photodamage assay of control and mutants in the presence 
of HCO3–. Symbols are as in panel A. In both panels, High light (HL) intensity was 2000 
mol photons m–2s–1 and low light (LL) intensity was 30 mol photons m–2s–1. Error bars 
represent the standard error from three independent experiments. 
 
4.5. Physiological characterisation of D2-Thr243 and D2-Lys264 mutants 
The physiological characterisation included photoautotrophic growth, low 
temperature (77 K) fluorescence emission spectroscopy, oxygen evolution 
measurements, chlorophyll a fluorescence measurement (fluorescence induction and 
fluorescence decay measurements following single-turnover actinic flashes), 
thermoluminescence measurements and BN-PAGE followed by western blotting.  
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4.5.1. Photoautotrophic growth curve and low temperature (77 K) chlorophyll a 
fluorescence emission 
The photoautotrophic doubling times of the T243A and K264A mutants were 16 
h and 15.5 h, respectively, while the K264E strain showed a slowed growth rate 
(doubling time – 29 h) compared to the control (doubling time -13.5 h) (Figure 4.10A).  
From the low temperature (77 K) emission spectroscopy, an apparent reduction 
in the PS II to PS I ratio with a higher emission peak at 685 nm (from CP43) compared 
to the control was found in the T243A, K264A and K264E mutants following excitation 
at 440 nm (Figure 4.10B). A large emission peak at 685 nm was also observed when the 
excitation wavelength was 580 nm, consistent with there being less PS II in this mutant 
than found in control (Figure 4.10C). Based on photoautotrophic growth and the low-
temperature fluorescence emission data, the D2-Thr243 and D2-Lys264 mutants affected 






Figure 4.10. Photoautotrophic growth, low-
temperature (77 K) fluorescence emission 
spectra for the control and mutants. A, 
Photoautotrophic growth curve of control 
(full black circles), T243A (empty black 
circles), K264A (empty blue circles), and 
K264E (full blue circles). The error bars 
represent the standard error from three 
independent experiments. B, Low-
temperature fluorescence emission spectra 
following excitation at 440 nm for control 
(black solid line), T243A (blue dashes line), 
K264A (blue dotted line), and K264E (blue 
solid line). C, Low-temperature fluorescence 
emission spectra following excitation at 580 
nm for control (black solid line), T243A 
(blue dashes line), K264A (blue dotted line), 
and K264E (blue solid line). In panels B and 
C, spectra are the average of three 
independent experiments, normalised to the 




4.5.2. Oxygen evolution measurements  
Oxygen evolution rates are shown in Table 4.6. The effects on the assembly of 
PS II in these mutants led to fewer PS II assembled centres and accordingly this reduced 
the rate of oxygen evolution. For the K264A and T243A mutants, they both had a similar 
rate (~ 60% of control) in the presence of DCBQ with K3Fe(CN)6, while the K264E 
mutant produced oxygen only 40% of the control rate. In the presence of DMBQ with 
K3Fe(CN)6, the T243A mutant was able to produce 83% of the control rate and the 
K264A mutant showed 60% of the control rate; however, oxygen evolution in the K264E 
mutant dropped to 37% of the control rate.  
Based on the oxygen results in the presence of artificial electron acceptors, the 
D2-Lys264 mutants showed an apparent reduction of oxygen evolution compared to the 
control, and the mutations in these strains seemed to have an effect on the QB-binding 
site. In the presence of bicarbonate, supporting whole chain electron transport, all 
mutants were able to produce oxygen at rates comparable to the control apart from the 
K264E strain which showed approximately 73 % of the control rate. 
 
Table 4.6. Relative rates of oxygen evolution (mol O2 mg Chl a-1 h-1) for control and 
the D2-Thr243 and D2-Lys264 mutants in the presence of 0.2 mM DMBQ and 0.2 mM 
DCBQ with 1 mM K3Fe(CN)6 and 15 mM sodium bicarbonate. The errors displayed are 
the standard error calculated from the average of three independent experiments. 
Electron acceptor Control  T243A K264A K264E 
DMBQ 409 ± 39 339 ± 30 244 ± 21 151 ± 17 
DCBQ 523 ± 12 312 ± 25 309 ± 36 211 ± 1 
HCO3- 513 ± 23 545 ± 28 514 ± 43 379 ± 38 
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4.5.3. Room temperature chlorophyll a fluorescence induction  
Variable chlorophyll a fluorescence induction assay was performed in the control 
and mutants in the absence and presence of DCMU. In the absence of DCMU, the control 
strain exhibited an OJIP trace, starting from Fo (minimal fluorescence intensity) 
followed by a J peak (reflecting the amount of reduced QA) and then the I inflection to a 
maximum P level (PQ pool reduction) which showed the Fmax corresponding to 
complete reduction of all QA molecules. Compared to the control, all these mutants had 
an increased J level suggesting slowed electron transfer to QB (or) changed midpoint 
potential. Besides, the T243A and K264A mutants showed a reduction of the extent 
variable chlorophyll a fluorescence resulting in a lowered P level indicating fewer 
assembled PS II centres in these strains. Furthermore, the K264E mutant displayed nearly 
a complete loss of an OJIP sequence (Figure 4.11A). 
Reduction of PS II assembly was also confirmed by variable chlorophyll a 
fluorescence measurement in the presence of DCMU. Since the variable fluorescence 
yield in the presence of DCMU represents the relative level of active PS II centres, all 
three mutants showed a reduction of the number of active assembled PS II centres 
compared to the control as shown in Figure 4.11B. These results were in agreement with 







4.5.4. Variable chlorophyll a fluorescence decay measurements following a single 
actinic flash in the absence or presence of DCMU 
To further investigate the electron transfer between the primary (QA) and 
secondary (QB) electron acceptors of PS II, the decay of chlorophyll a fluorescence 
following a single actinic flash was measured. In all mutants, variable chlorophyll 
fluorescence decay was impaired following a single actinic flash in the absence of 
DCMU (Figure 4.11C). The kinetic analysis is described in Table 4.7. 
In the absence of DCMU, the fluorescence decay of control was dominated by a 
fast phase (t1/2 ~270 s) with an amplitude of 61%. The half-time for intermediate phase 
was 2.4 ms with an amplitude of 31%, and the contribution of the slow phase was 8% 
(t1/2 5.8 s). In the T243A mutant, the half-time for the fast component (t1/2 412 s with 
an amplitude of 45%) was 1.5-fold higher than the control while the other two phases 
half-time changes were negligible but having the longer amplitude in the slow phase 
(amplitude 16%) (Table 4.7). For the K264A mutant, an approximate 2.5-fold increase 
in the fast component (t1/2 640 s with the amplitude of 54%) was observed while the 
intermediate and slow components displayed only a minor change. The K264E mutant 
demonstrated a nearly 5-fold increase in the fast component (t1/2 1353 s with an 
amplitude of 50%) and also showed a noticeable increase in the intermediate phase of 
approximately 5.5-fold compared to the control (t1/2 13 ms with an amplitude of 30%) 
while the slow component of this mutant had a faster half-time with an increased 
amplitude (t1/2 3 s with an amplitude of 20%) (Figure 4.11C and Table 4.7).  
In the presence of DCMU, the decay kinetics exhibit an intermediate (ms) phase 
most likely arising from recombination with the donor side (possibly with Yz+) and a 
slow (s) component, arising from the back-reaction with the S2 state of the OEC. The 
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fluorescence yield relaxation in control was dominated by a fast phase component (t1/2 
1.6 ms) with a 10% amplitude, and the back-reaction (slow phase) was t1/2 0.7 s with an 
amplitude of 90% (Table 4.7).  
For all mutants, minor changes in the intermediate phase were detected (t1/2 2.1 
ms, amplitude 11% in T243A cells; t1/2 2.2 ms, amplitude 13.5% in K264A cells; and t1/2 
2.4 ms, amplitude 15% in K264E cells). The slow phase for the T243A strain (t1/2: 0.8 s, 
amplitude 89%) and K264E cells (t1/2 0.9 s, amplitude 85%) were similar to control (t1/2 
0.7 s, amplitude 90%), but a small change in the K264A strain was noted (t1/2 1.1 s, 





Figure 4.11. Variable fluorescence induction and decay upon illumination of dark-
adapted cells. A, Variable fluorescence induction in the absence of DCMU. B, Variable 
fluorescence induction in the presence of DCMU. C, Variable fluorescence decay 
following a single-turnover actinic flash in the absence of DCMU. D, Variable 
fluorescence decay following a single-turnover actinic flash in the presence of DCMU. 
In all panels, the symbols are control (full black circles), T243A (empty black circles), 
K264A (empty blue circles), and K264E (full blue circles). Only selected data points are 




Table 4.7. Kinetic analysis of the decay of chlorophyll a fluorescence following a 
single turnover actinic flash in the presence or absence of DCMU.  
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
The chlorophyll a fluorescence relaxation following three saturating actinic 
flashes spaced at 200 ms intervals (5 Hz) was also performed to detect the two-electron 
gate as mentioned in section 3.4.6. The half-time of the millisecond component (or the 
intermediate phase) following 3 actinic flashes was strikingly slower than the observed 
data in 1 actinic flash for the K264A mutant (approximately a 7-fold increase) while the 
fast and slow phase were similar to the observed rates after a single turnover in this 
mutant (Figure 4.12 and Table 4.8). In the case of the K264E mutant, a nearly 2.2-fold 
increase in the intermediate phase and 3.3-fold increase in the slow phase following 3 
actinic flashes was observed. This slow millisecond component following 3 actinic 
flashes in these mutants might be due to delayed proton transfer and/or delay in the 
release or binding of PQ at the QB-binding site since D2-Lys264 supports the stabilisation 
of the NHI via D2-His268 as well as the bicarbonate ion and also the water molecule, 
Strain Treatment Fast Component Intermediate Component Slow Component 
  
Rate 








(t1/2 = s) 
Amplitude 
(%) 
Control No treatment  270 ± 21.0 61.0 ± 3.0 2.4 ± 0.3 31.0 ± 3.0 5.8 ± 0.7  8.0 ± 1.0 
 +DCMU   1.6 ± 0.2 10.0 ± 1.0 0.7 ± 0.1 90.0 ± 1.0 
T243A No treatment  412 ± 22.0 45.0 ± 3.0 3.0 ± 0.2 36.0 ± 4.0 6.0 ± 0.7 16.0 ± 1.7 
 +DCMU   2.1 ± 0.1 11.0 ± 0.2 0.8 ± 0.0 89.0 ± 0.2 
K264A No treatment   640 ± 8.0  54.0 ± 62.0 4.0 ± 0.1 34.0 ± 2.0 5.0 ± 0.8 12.0 ± 0.1 
 +DCMU   2.2 ± 0.1 13.5 ± 1.0 1.1 ± 0.0 87.0 ± 0.5 
K264E No treatment 1353 ± 39.0 50.0 ± 0.8 13.0 ± 1.8 30.0 ± 1.0 3.0 ± 0.7 20.0 ± 0.9 
 +DCMU    2.4 ± 0.3 15.0 ± 2.0 0.9 ± 0.0 85.0 ± 1.6 
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W582 (which is assumed to be involved in the 2nd protonation pathway) via D2-Glu242 
and D1-Glu244. For the T243A mutant, the traces were similar for the data sets of 
fluorescence decays following 1 flash or 3 actinic flashes spaced at 200 ms (5 Hz) (Figure 
4.12 and Table 4.8). 
 
 
Figure 4.12. Variable fluorescence decay following three saturating actinic flashes 
spaced at 200 ms intervals. The strains are: control (full black circles), T243A (empty 
black circles), K264A (empty blue circles), and K264E (full blue circles). Only selected 








Table 4.8. Kinetic analysis of the decay of chlorophyll a fluorescence following three 
saturating actinic flashes spaced at 200 ms intervals in D2-Thr243 and D2-Lys264 
mutants. 
Strain Fast Component Intermediate Component Slow Component 
 
Rate 








(t1/2 = s) 
Amplitude 
(%) 
Control 321 ± 24 64.0 ± 1.0   3.0 ± 0.0 27.0 ± 1.0  8.0 ± 2.0   9.0 ± 0.0 
T243A 475 ± 19 53.0 ± 0.3   5.0 ± 0.2 28.0 ± 1.1  7.0 ± 1.6 19.0 ± 0.8 
K264A 688 ± 51 56.0 ± 3.2 28.0 ± 3.6 28.0 ± 2.3  6.0 ± 1.8 16.0 ± 0.9 
K264E 864 ± 18 48.0 ± 1.3 29.0 ± 5.7 32.0 ± 2.2  10.0 ± 0.4 20.0 ± 0.9 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitude is shown. 
 
4.5.5. Investigation of PS II activity by the decay of variable chlorophyll a 
fluorescence following a single actinic flash in the presence of formate and HCO3-  
Following the addition of formate, the chlorophyll a fluorescence decay after a 
single-turnover actinic flash was slowed in the T243A and K264A mutants (Figure 4.13 
and Table 4.9) while the K264E strain showed no obvious changes. After the addition of 
15 mM HCO3-, the impaired chlorophyll fluorescence decay was restored in the T243A 
and K264A mutants although the decay for the K264E strain remained unchanged. 
Bicarbonate reversibility of the formate-induced inhibition was detected in the T243A 
and K264A mutants but the K264E strain was insensitive to the addition of either formate 





Figure 4.13. Variable fluorescence decay following a single turnover actinic flash. A, 
control (full black symbols), B, T243A (empty black symbols), C, K264A (empty blue 
symbols), and D, K264E (full blue symbols). In all panels, dark-adapted cells were 
treated with 15 mM bicarbonate (circles), 25 mM formate (squares), 15 mM bicarbonate, 
and 25 mM formate (triangles) prior to the measurements. Only selected data points are 





Table 4.9. Kinetic analysis of the decay of chlorophyll a fluorescence after a single 
turnover flash for cells treated with 25 mM formate, 15 mM bicarbonate or 15 mM 
bicarbonate and 25 mM formate in the D2-Thr243 and D2-Lys264 mutants. 












(t1/2 = s) 
Amplitude 
(%) 
Formate Control   324 ± 16 62.0 ± 0.5   7.0 ± 2.0 26.0 ± 0.3 3.0 ± 0.5 13.0 ± 0.8 
T243A 1006 ± 74 45.0 ± 0.9 13.0 ± 2.8 39.0 ± 0.8 3.0 ± 1.2 16.0 ± 0.2 
K264A   889 ± 78 30.0 ± 4.1   6.0 ± 0.3 59.0 ± 4.4 4.0 ± 0.4 11.0 ± 0.3 
K264E 1222 ± 10 50.0 ± 1.4 10.0 ± 0.5 33.0 ± 0.7 3.0 ± 0.3 17.0 ± 0.6 
HCO3- Control   241 ± 10 62.0 ± 1.6   4.0 ± 1.2 27.0 ± 3.5 6.0 ± 0.0 11.0 ± 1.9 
T243A   396 ± 43 37.0 ± 5.7   3.0 ± 0.3 50.0 ± 8.0 4.0 ± 0.8 14.0 ± 2.3 
K264A   485 ± 60 53.0 ± 2.9   5.0 ± 0.6 35.0 ± 2.8 8.0 ± 1.8 12.0 ± 0.3 
K264E 1294 ± 94 45.0 ± 0.9 13.0 ± 2.9 32.0 ± 4.4 2.0 ± 0.3 23.0 ± 3.5 
Formate + 
HCO3-  
Control   250 ± 34 59.0 ± 2.5   3.0 ± 0.3 29.0 ± 0.4 4.0 ± 1.0 12.0 ± 2.9 
T243A   416 ± 11 40.0 ± 3.4   3.0 ± 0.1 48.0 ± 4.0 6.0 ± 3.0 12.0 ± 0.7 
K264A   450 ± 14 49.0 ± 1.2   4.0 ± 0.2 40.0 ± 1.2 10.0 ± 0.5 11.0 ± 0.0 
K264E 1213 ± 10 43.0 ± 4.9 10.0 ± 3.7 40.0 ± 4.5  4.0 ± 1.0 17.0 ± 0.5 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
4.5.6. Thermoluminescene measurements  
 Thermoluminescence measurement curves obtained from all mutants and control 
are shown in Figure 4.14 and Table 4.10. In the absence of DCMU, the B band derived 
from S2QB- recombination (Figure 4.14A) in the T243A mutant appeared at 33 ˚C, 
thereby having a slight change compared to control cells which showed a B band at 32 
˚C. However, the B band in the K264A and K264E mutants appeared at 35 ˚C and 34 ˚C, 
respectively, demonstrating that stabilisation of QB- at the QB-binding site. Furthermore, 
the TL intensity of the K264E mutant obviously decreased compared to control and other 
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mutants, suggesting that the non-radiative pathway might have more influential effects 
than the radiative pathway (Cser and Vass, 2007). 
 In the presence of DCMU, the Q band, derived from the S2QA- recombination, 
and the C band, originating from TyrD+QA- recombination, are both visible and shown 
in Figure 4.14B. For the T243A mutant, the Q and C bands appeared at 21 ˚C and 55 ˚C, 
respectively, which are nearly the same as seen in the control. In contrast, the Q band in 
the K264A mutant was observed at 25 ˚C and the K264E mutant band appeared at 24 ˚C, 
demonstrating that more energy is required to recombine the electron from the QA- with 
S2. This temperature shift in the Q band was in agreement with the fluorescence decay 
measurements in the presence of DCMU (Figure 4.11D and Table 4.7) which showed 
slow decay kinetics in these mutants. In addition, the C band, which is derived from 
TyrD+QA- recombination, was not observed in these mutants. 
As mentioned in section 3.4.9, flash-induced TL measurements were performed 
to investigate the water-oxidation process (S-state distribution of the OEC). A typical 
oscillation pattern was seen in the control (Figure 4.15A). For the T243A mutant, the 
amplitude of TL oscillation was the same as the control; however, the pattern was not 
the same after the 3rd flash. For the K264A and K264E mutants, they both had a similar 
TL oscillation pattern, but demonstrating a small amplitude TL oscillation even in the 
second flash. And this was then followed by a gradual decline and suggested that all the 
PS II centres in these mutants were not entirely operational (Figure 4.15): this might be 




Figure 4.14. Thermoluminescence characteristics of the D2-Thr243 and D2-Lys264 
mutants. Cells were excited by a single actinic flash at -10 ˚C, and thermoluminescence 
data were recorded in the - 40 ˚C to 80 ˚C in the absence of DCMU (panel A) and in the 
presence of DCMU (panel B). The measurements were performed on control (black line), 
T243A (blue dashes line), K264A (blue dotted line) and K264E (blue line). Data 











Table 4.10. Thermoluminescence temperatures of the D2-Thr243 and D2-Lys264 










Control 32.0 ± 0.0 20.0 ± 0.0 55.0 ± 0.0 
T243A 33.0 ± 0.5 21.0 ± 0.0 55.0 ± 0.0 
K264A 35.0 ± 1.0 25.0 ± 0.5 - 









Figure 4.15. Flash-induced oscillation of the B thermoluminescence band in control, and 
the D2-Thr243 and D2-Lys264 mutants. Thermoluminescence was measured after 
excitation as a function of actinic flash number at -10˚C. The thermoluminescence 
intensity was plotted after normalisation to the intensities from the 3rd to 6th flashes. A, 
control (black line), B, T243A (blue dashes line), C, K264A (blue dotted line) and D, 






4.5.7. Analysis of Photosystem II assembly 
To confirm the assembly of PS II in these mutants, blue-native polyacrylamide 
gel electrophoresis and western blotting were performed. The D2-Thr243 and D2-
Lys264 mutants showed the accumulation of unassembled pre-complexes containing the 
chlorophyll-binding core antenna CP43 protein when the CP43 antibody was used to 
probe the western blot. However, for other antibodies (D1, D2 and CP47), there was no 
apparent difference between control and mutants (Figure 4.16). 
The impairment on the assembly of PS II shown in the western blot data was in 
agreement with the result of 77 K fluorescence emission spectra which showed the 
reduction in the PS II: PS I ratio (Figure 4.10B) and also fluorescence induction in the 
presence of DCMU (Figure 4.11B), showing less active PS II centres. As discussed 
earlier (section 3.4.10), the CP43 pre-assembly complex is the last major protein complex 
to bind to the assembling PS II complex and, it appears the CP43 pre-assembly complex 
may be bound weakly in these mutants and therefore, it may be easily detached from the 









Figure 4.16. Blue-native (BN) PAGE followed by western blot analysis. A, BN-PAGE 
gel. B, western blot with an antibody against D1. C, western blot with an antibody against 
D2. D, western blot with an antibody against CP47. E, Western blot with an antibody 
against CP43.  The strains are labelled above their corresponding lane. 
 
4.6. High-light sensitivity assay 
High-light sensitivity assay (photodamage assay) was performed to assess the 
susceptibility to high light and the operation of the repair mechanism in the control and 
mutants in the presence of the PS II-specific electron-accepting system DMBQ and 
K3Fe(CN)6 (Figure 4.17A). The T243A and K264A mutants were unable to support 
oxygen evolution at high light intensity, showing less than 25% of the initial rate of 
oxygen evolution during the high light (2000 µmol photons m-2 s-1) treatment; however, 
recovery gradually started after the high-light treatment and finally reach about 90% of 
the initial rate at the end of the low light (30 µmol photons m-2 s-1) exposure (135 min 
after high light). Interestingly, the K264E mutant demonstrated a similar rate of the 
recovery (or adaptation) as the control during the high-light period, and the recovery was 
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slow in the low light conditions compared to the control but it was still better than the 
other two mutants in the presence of DMBQ and K3Fe(CN)6 (Figure 4.17A). 
In the presence of bicarbonate, all mutants except the K264E strain were able to 
support oxygen evolution exhibiting acclimation under high light and low light as 
observed in the control (Figure 4.17B). The K264E mutant showed a bicarbonate-
insensitive phenotype in agreement with the data from the bicarbonate and formate 
treatment in the decay of chlorophyll a fluorescence after a single actinic flash where the 
K264E mutant showed no changes upon addition of either bicarbonate or formate.  
To further investigate the susceptibility to photodamage in the control and 
mutants, the protein synthesis inhibitor, lincomycin, was added into the cells after 0 min 
before switching on the high light and the oxygen evolution measured every 15 min up 
to 120 min during high light. As shown in Figure 4.18A, the control strain showed a 
gradual decline in oxygen evolution and reached close to zero after 120 min from the 
onset of high light. The K264E mutant showed a similar pattern as control, although it 
displayed less than 50% initial rate of oxygen evolution at 15 min of high light and close 
to zero at 90 min of high light. In contrast, K264A and T243A mutants demonstrated 
very highly susceptible to photodamage after lincomycin addition, showing less than 
10% of initial rate after only a 15 min exposure and reached zero after 30 min of high 
light; these results were consistent with the high-light sensitivity data in the presence of 
DMBQ and K3Fe(CN)6 (Figure 4.17A).  
The involvement of protein synthesis during the recovery period was also 
examined by adding lincomycin to the samples after 45 min of high light. Addition of 
lincomycin after the high-light treatment did not affect the control and the K264E mutant 
(Figure 4.18B) because these two strains showed the similar rate of the recovery as 
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observed in the photodamage assay in the presence of DMBQ without lincomycin 
treatment (Figure 4.17A); however, the K264A and T243A mutants were unable to 
recover after lincomycin treatment during the recovery stage. 
 
 
Figure 4.17. The sensitivity of oxygen evolution to high light (or photodamage) for 
control, T243A, K264A and K264E mutants. A, Photodamage assay of control and 
mutants in the presence of DMBQ and K3Fe(CN)6; control (full black circles), T243A 
(empty black circles), K264A (empty blue circles), and K264E (full blue circles). B, 
Photodamage assay of control and mutants in the presence of HCO3–. Symbols are as in 
panel A. In both panels, high light (HL) was 2000 mol photons m–2s–1 and low light 









Figure 4.18. The sensitivity of oxygen evolution to high light (or photodamage) for 
control and mutants. A, Photodamage assay of control and mutants in the presence of 
DMBQ with K3Fe(CN)6 in the continuous high light for 120 min, cells were treated with 
500 g mL-1 of lincomycin before the high light, control (full black circles), T243A 
(empty black circles), K264A (empty blue circles), and K264E (full blue circles). B, 
Photodamage assay of control and mutants in the presence of DMBQ with K3Fe(CN)6, 
cells were treated with 500 g mL-1 of lincomycin at the end of 45 min of high-light 
treatment. Symbols are as in panel A. In both panels, High light (HL) was 2000 mol 
photons m–2s–1 and low light (LL) was the 30 mol photons m–2s–1. Error bars represent 
the standard error from three independent experiments. 
 
4.6.1. 35S Protein labelling experiment  
 High-light sensitivity data from the T243A and K264A mutants directed us to do 
35S-Met incorporation experiments to track the repair mechanism during the recovery 
period. As mentioned in section 3.6, cells were treated with high light for 45 min then 
35S- Met was added. The incorporation of labelled amino acids during the recovery stage 
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was detected using BN-PAGE followed by two-dimensional protein analysis at the 
designated time points. The results are shown in Figure 4.19.  
As shown in Figure 4.19, the autoradiograms of two-dimensional protein analysis 
of the T243A mutant (middle panels) showed that less label was incorporated into the PS 
II dimer subunit than observed in the PS II monomer subunit relative to the control (upper 
panels). Apart from that, there was no obvious difference between the label in the 
autoradiograms of control (Figure 4.19-upper panels) and the T243A mutant (Figure 
4.19-middle panels). 
 Unlike the T243A mutant, the K264A mutant indicated the retardation of the 
repair mechanism. The autoradiogram from 10 min after high-light treatment (Figure 
4.19 right lower panel) in the K264A mutant indicated that there was no strong label 
incorporation relative to the control. Besides, less label was incorporated into the PS II 
dimer subunit compared to the PS II monomer subunit in the autoradiogram from 30 and 
120 min after high light in the K264A mutant. Enhanced label incorporation was also 
found in the area where the pre-assembly complexes are typical seen in the 













Figure 4.19. Analysis of photodamage and recovery in isolated thylakoid membranes. 
Control, T243A and K264A cells at 10 g mL–1 chlorophyll were subjected to high light 
(2000 mol photons m–2s–1) for 45 min, followed by the recovery in the presence of 35S-
Met under low light (30 mol photons m–2s–1) for 120 min. Two millilitre samples were 
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collected at the designated time points. A, After thylakoid extraction and solubilisation, 
complexes were separated by BN-PAGE; samples were from 45 min before the high-
light treatment and 0 min, 10 min, 30 min and 120 min after the high-light treatment; the 
bands corresponding to the PS I trimer, PS II dimer, PS II monomer and RC47 complexes 
are indicated. B, Autoradiograph of two-dimensional analysis by BN-PAGE then SDS-
PAGE of samples at 10 min (left panels), 30 min (middle panels) and 120 min (right 
panels) during the recovery period; PS I, D1, D2, CP47 and CP43 bands are indicated.  
 
4.7. Discussion 
4.7.1. Acceptor side impairment of PS II was found in the D2-Glu242 mutants  
D2-Glu242 makes a direct hydrogen bond with D2-Lys264 (3.3 Å), which is one 
of the key residues to maintain the NHI and bound HCO3-. This D2-Glu242 is just 7.5 Å 
away from the HCO3- ion and 8.7 Å away from the QA molecule. It also has a direct 
hydrogen bond with D1-Glu242 (2.9 Å), CP43-Arg448 (2.7 Å) and D2-Met246 (3.8 Å), 
maintaining the stabilisation of nearby amino acid residues (Figure 4.20). In the work 
described in this chapter, Glu-242 was replaced by alanine (creating the E242A mutant) 





Figure 4.20. Potential hydrogen bonds between the D2-Glu242 amino acid residue and 
its binding environment in PS II. D2-Glu242 (orange) is highlighted in this figure, with 
the other residues labelled. Red spheres indicate water molecules. Oxygen atoms are 
shown in red, nitrogen atoms are shown in blue and sulfur atoms are shown in light 
orange. Dashed black lines indicate putative hydrogen bonds within 4 Å range. The 
figure was generated using PyMOL (Delano 2001) and PDB 4UB6. 
 
As mentioned above, these mutants do not prevent photoautotrophic growth 
(Figure 4.2A) and PS II assembly (Figure 4.2B, 4.3B and 4.8). However, the assembled 
PS II in these mutants do not function properly. The reduction of oxygen in the presence 
of the PS II-specific electron acceptor DMBQ was seen in both mutants (E242A and 
E242D), indicating a possible impairment at the QB-binding site. In the presence of 
DCBQ, which appears to have a distinct binding site from DMBQ (Koike et al., 1996), 
these mutants still evolved oxygen at rates similar to those observed with control cells 
(Table 4.1).  
The electron transfer rates between QA and QB were slowed in these mutants 
(Figure 4.3A) since both mutants showed the high J level in their fluorescence induction 
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traces. Besides, these mutants showed an increased microsecond component in the 
measurement of chlorophyll a fluorescence decay following a single actinic flash in the 
absence of DCMU. As mentioned above, the D2-Glu242 amino acid residue has a direct 
hydrogen-bond connection with D2-Lys264, which it appears a critical residue to 
maintain the stabilisation of the QA-NHI-QB complex based on the data in this thesis. 
The introduction of mutations at the D2-Lys264 position had a severe impairment on the 
electron transfer between QA and QB and also affected the PS II assembly. Therefore, 
disruption of the hydrogen bond between D2-Glu242 and D2-Lys264 might influence 
the stability of D2-Lys264, which may have led to conformation changes in the vicinity 
of the QA-NHI-QB complex. However, the half-time of the intermediate phase in the 
chlorophyll a fluorescence decay following a single actinic flash was stable in the E242D 
mutant while the half-time of the intermediate phase of E242A mutant was three times 
longer than the control. It was expected that the substitution of alanine for glutamate 
would appear more severe than an aspartate replacement, which is still maintaining the 
charge properties of this amino acid residue. 
The slow component of chlorophyll a fluorescence decay following a single 
actinic flash in the absence of DCMU was faster in the E242A mutant, showing a t1/2 of 
2 s [amplitude 7%] and a minor half-time change in the E242D mutant, (t1/2 6 s [amplitude 
7%]) while the control strain displayed a t1/2 of 5.8 s [amplitude 8%] (Figure 4.3C and 
Table 4.2). As the slow phase of the fluorescence decay derived from the recombination 
of the S2 state of the OEC with QA-  via equilibrium with QB-, the changes in the half-
time of the slow phase in these mutants might be due to the modified redox potential of 
either the QA/QA- or the QB/QB- couples. 
In the presence of DCMU, the E242A mutant exhibited an observable increased 
ms component while the E242D strain showed a small change in its ms component; 
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besides, they both had a slower back reaction rate compared to their control (Figure 4.3D 
and Table 4.2) in fluorescence decay measurements. These data were compatible with 
the higher temperature shift in the Q band of the TL measurement in both mutants in the 
presence of DCMU, suggesting increased charge stabilisation and more energy is 
required to remove the electron from reduced QA.  
The TL measurement in the absence of DCMU of the E242D mutant displayed a 
higher temperature shift in the B band compared to the control while the E242A mutant 
showed the similar temperature dependence as the control (Table 4.2); however, the 
decrease in TL intensity in both mutants suggested that there may be free energy changes 
between P680+Pheo- and S2QB- (Figure 4.6A).  
High-light sensitivity results from the photodamage experiments suggested that 
there was no defect in the repair mechanism in these mutants (Figure 4.9). Based on the 
results, the removal of the hydrogen-bond interactions between the D2-Glu242 residue 
and its binding environment led to a perturbation of the acceptor side of PS II, but it did 
not impair the PS II assembly and repair mechanism. 
4.7.2. D2-Thr243 affects the assembly and function PS II 
 D2-Thr243 is one of the amino acid residues that provides a direct hydrogen bond 
to the water molecule W582 (2.8 Å) and it also has a direct hydrogen bond with nearby 
amino acid residues, D1-Arg269 (2.6 Å), D2-Phe223 (3 Å) and D2-Asp225 (4.2 Å) 
(Figure 4.21). In the present study, Ala was introduced at D2-Thr243, to break the 




Figure 4.21. Potential hydrogen-bond connections between the D2-Thr243 amino acid 
residue and its binding environment in PS II. D2-Thr243 (green) is highlighted in this 
figure, with the other residues labelled. BCR represents bicarbonate. Red spheres 
indicate water molecules. Oxygen atoms are shown in red and nitrogen atoms are shown 
in blue. Dashed black lines indicate putative hydrogen bonds within 4 Å range. The figure 
was generated using PyMOL (Delano 2001) and PDB 4UB6. 
 
Although photoautotrophic growth of the T243A strain was not inhibited (Figure 
4.10A), there was an accumulation of the CP43 pre-assembly complex in PS II compared 
to the control (Figure 4.16E). The reduction of the PS II: PS I ratio was also found in 
low-temperature fluorescence emission spectra excited at 440 nm (Figure 4.10B). The 
result was in agreement with the room temperature chlorophyll a fluorescence induction 
measurement in the presence of DCMU: it showed the presence of fewer active PS II 
centres, although this was not pronounced (Figure 4.11B). The introduction of alanine in 
place of threonine 243 of the D2 protein might cause the destabilisation of the HCO3- ion 
that maintains the QA-NHI-QB complex and disrupt PS II assembly since D2-Thr243 
provides direct hydrogen bonds to W582, W622 and the HCO3- ion.  
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Fewer assembled PS II centres causes the overall reduction of PS II activity, 
showing impairment or lowered oxygen-evolving activity in the presence of artificial 
electron acceptors DMBQ and DCBQ (Table 4.6). In the D2-T243A mutant, a higher J 
level in the variable chlorophyll a fluorescence measurement was observed (Figure 
4.11A) that was consistent with the altered acceptor-side environment indicated by the 
reduced rates of oxygen evolution in the presence of DMBQ (Table 4.6). Besides, it also 
showed a lower P peak (Figure 4.11A), consistent with fewer assembled active PS II 
centres.  
 The chlorophyll a fluorescence decay measurement after a single actinic flash for 
the T243A mutant showed a 1.5-fold increase in its fast phase compared to the control 
(Table 4.7), indicating slower oxidation of QA- that was consistent with the elevated J 
level (Figure 4.11A and 4.11C). However, the intermediate phase showed resemblance 
with the control, suggesting that there was no delayed binding of PQ molecules at the 
QB-binding site. These data were also supported from the chlorophyll a fluorescence 
decay after three flashes spaced at 200 ms intervals (Figure 4.12 and Table 4.8), and no 
apparent changes were seen between the fluorescence decays following 1 or 3 actinic 
flashes.  
In the presence of DCMU, minor changes were found in the millisecond 
component of the chlorophyll a fluorescence decay measurement after a single actinic 
flash, but it exhibited a similar rate of back reaction as the control (Figure 4.11D and 
Table 4.7). These data were correlated with the data from the TL measurements in the 
presence of DCMU (Table 4.10), showing the Q band at 21 ˚C and C band at 55 ˚C, 
which were identical to those in the control cells. Besides, with the TL measurements in 
the absence of DCMU (Table 4.10), the B band from the T243A mutant appeared to have 
a minor shift compared to the control, suggesting that no modification in the free energy 
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changes between P680+ Pheo- and S2QB-. Based on these data from the fluorescence and 
TL measurements, there was an impairment in forward electron transfer in the D2-T243A 
mutant, but there was no effect on the backward electron transfer. 
 Interestingly, the high-light sensitivity assay indicated that the T243A mutant was 
very susceptible to high light intensity, with these cells showing less than 20% of their 
initial rate of oxygen evolution during the high light although the mutant showed 
recovery during low light and was able to recover its initial oxygen evolution rate at the 
end of measurement in the presence of DMBQ and K3Fe(CN)6 (Figure 4.17A). The 
susceptibility towards high light in the T243A mutant was exacerbated after the addition 
of the protein synthesis inhibitor, lincomycin, after the initial 0 min measurement in the 
presence of DMBQ and K3Fe(CN)6 (Figure 4.18A) and the rate then quickly dropped to 
zero. Besides, the rate of recovery after high-light treatment in the T243A mutant 
indicated the dependency on protein synthesis for recovery in this strain, showing a 
slowed recovery relative to the control after the addition of lincomycin following 45 min 
of high light.  
In the previous chapter, it was observed that there was an instant drop of oxygen 
evolution at the beginning of the high-light treatment in the D2-Tyr244 mutants, and the 
T243A mutant also displayed a similar phenotype. The introduction of mutations at the 
D2-Thr243 residue is likely to destabilise the QA-NHI-QB complex because of its 
connection with W582, W622 and the HCO3- ion. Therefore, it can be hypothesised that 
high-light treatment readily introduced deleterious conformational changes affecting the 
QA-NHI-QB electron acceptor complex in the T243A mutant, probably due to the release 
of bound bicarbonate aside from the involvement of ROS production and this condition 
might have then led to the sudden drop of oxygen evolution in the presence of the DMBQ 
and K3(Fe(CN)6) (Figure 4.17A). Interestingly, however, this sudden drop of oxygen 
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evolution was able to recover in the presence of HCO3- during the high-light intensity 
period and the observed rates were similar to those of the control (Figure 4.17B). These 
results indicate a role for HCO3- in photodamaged cells enabling them to be capable of 
oxygen evolution although the detailed mechanism underpinning this is uncertain. 
The data from the 35S-Met incorporation experiments suggested that there was no 
apparent difference between the T243A mutant and control cells at 10 min and 30 min 
during the recovery stage (Figure 4.19B) although the T243A mutant was unable to 
produce oxygen at equivalent levels as the control after the high-light treatment (Figure 
4.17A). One point that needs to be considered is that the rate of protein synthesis in 
protein labelling experiments based on the rate of uptake of 35S-Met during the recovery 
stage did not reflect the number of active PS II centres able to perform PS II function 
especially in the mutants. Nevertheless, the slow dimerisation process was found in the 
T243A mutant after 120 min of high-light treatment and might be the reason for the 
reduction of oxygen evolution during the low-light recovery period.  
To sum up, disruption of the hydrogen-bond connections between the D2-Thr243 
residue involved in the stabilisation of QA-NHI-QB complex via W582, W622 and the 
HCO3- ion, might have caused conformation changes which led to impairment in PS II 
assembly and function.   
4.7.3. Impairment of the assembly, function and repair mechanism of PS II in D2-
Lys264 mutants  
 D2-Lys264 has apparent hydrogen bonds with D1-E244 (3.2 Å), D2-E242 (3.3 
Å), D2-Tyr244 (3.6 Å) and the bicarbonate ion (4.3 Å). Besides, it also participates in 
the stabilisation of the NHI by providing a direct hydrogen bond with D2-His268 (2.8 Å) 
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(Figure 4.22). In this study, K264A and K264E were created to elucidate the role of this 
residue in the structure, electron transfer and protonation steps in PS II.  
 
 
Figure 4.22. Hydrogen bonds formed between the D2-Lys264 amino acid residue and 
its binding environment in PS II. D2-Lys264 (yellow) is highlighted in this figure, with 
the other residues labelled. BCR represents bicarbonate, Fe is the non-heme iron. Red 
spheres indicate water molecules. Oxygen atoms are shown in red and nitrogen atoms 
are shown in blue. Dashed black lines indicate putative hydrogen bonds within 4.3 Å 
range. The figure was generated using PyMOL (Delano 2001) and PDB 4UB6.   
 
 Although the growth rate of the K264A mutant was similar to the control, the 
K264E mutant had an impairment in photoautotrophic growth (Figure 4.10A). These two 
mutants showed an impairment in PS II assembly, explaining the reduced level of the PS 
II: PS I ratio (Figure 4.10B), accumulation of CP43 pre-assembly complex (Figure 
4.16E) and reduction in the number of active PS II centres in variable fluorescence 
induction measurements in the presence of DCMU (Figure 4.11 B).  
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This condition led to the impairment of PS II activity in these mutants as shown 
by the reduction of oxygen evolution in the presence of the specific PS II electron 
acceptors DMBQ and DCBQ, shown in Table 4.6. This might be due to the impaired 
acceptor side in these mutants; however, the K264A mutant produced oxygen in the 
presence of HCO3-, while K264E provided only 73% of oxygen evolution compared to 
the control. This K264E strain was insensitive to the addition of formate and HCO3- in 
the chlorophyll a fluorescence decay measurements following a single actinic flash 
(Figure 4.13D). The possible reason might be that the K264E mutant is a bicarbonate-
insensitive strain or disruption of this amino acid connection in the hydrogen-bond 
network around the bicarbonate-binding environment may result in an empty binding site 
that could not be accessed by either bicarbonate or formate and, therefore, the formate 
action was also not observed in this strain; likewise, the addition of 15 mM bicarbonate 
was insufficient to recover the impaired electron transfer (Figure 4.13D).  
The E242A mutant had also shown no changes in response to formate and 
bicarbonate addition in the chlorophyll a fluorescence decay kinetics following a single 
turnover actinic flash. However, the introduction of a mutation at the D2-Glu242 residue 
was unable to disrupt PS II assembly (Figure 4.2 and 4.8); in addition, although these 
mutants demonstrated impaired acceptor side function (Table 4.1 and Figure 4.3), it was 
not as severe as the mutations introduced at D2-Lys264. The position of the different 
amino acid residue is one of the factors to be considered. Besides, the E242A mutant 
showed the same rate of oxygen evolution as the control when bicarbonate was added to 
support oxygen evolution in the photodamage assay (Table 4.1 and Figure 4.9). 
Therefore, it is difficult to conclude that the mutation in the E242A mutant empties the 
bicarbonate binding site in PS II. In contrast, the K264E mutant has a large impact on 
the PS II assembly as well as function based on this study. This D2-Lys264 amino acid 
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residue is one of the essential residues to maintain the stabilisation of QA-NHI-QB based 
on PDB 4UB6 (Figure 4.1). However, the effect of bicarbonate-reversible formate-
induced inhibition was clearly seen in the K264A mutant, and, therefore it is considered 
that the alteration of the charge of Lys264 residue showed a more prominent effect on 
the performance of PS II after the addition of bicarbonate. 
Both mutants (K264A and K264E) demonstrated impaired forward electron 
transfer, showing an increased J peak, and lower P peak in the chlorophyll fluorescence 
induction measurement. Evidence for impaired forward electron transfer and an altered 
acceptor side were also observed in the chlorophyll fluorescence decay measurements 
following a single actinic flash in these mutants (Figure 4.11C). The fast phase of the 
K264A and K264E mutants exhibited approximately 2.5-fold and 5-fold increases 
compared to the control and a reduction of the amplitude in this phase was also observed 
suggesting that some PS II centres in these mutants might have an empty QB site (Table 
4.7). Besides, the K264E mutant may have impaired binding or exchange of PQ 
molecules at the QB-binding site, since this strain displayed a 5.5-fold increase in the 
intermediate component of the chlorophyll fluorescence decay (Figure 4.11C and Table 
4.7). This might be due to delayed proton transfer since bicarbonate is postulated to be 
involved in the 2nd protonation pathway and the position of the D2-Lys264 residue is 
likely to be required to stabilise the bicarbonate. However, the effect is more obvious in 
the K264E mutant relative to the K264A mutant so the effect of charge contribution from 
this amino acid residue in the provision of bicarbonate stability and QA-NHI-QB complex 
is another factor to be noted.  
To further investigate the impact due to the mutations introduced into the D2-
Lys264 mutants, three flashes, spaced at 200 ms intervals, were given and in these 
experiments the millisecond component of the intermediate phase of the chlorophyll 
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decay kinetics was obviously slower than the kinetics following just a single actinic flash 
(Table 4.8). This observation is further evidence of the retardation of quinone exchange 
activity at the QB-binding site, potentially as a result of the disruption of the delivery of 
protons to the reduced QB in these mutants.  
For the slow phase decay, which originates from the back reaction with OEC, the 
K264E mutant showed a faster second component and the amplitude was larger than that 
seen in control cells, although the K264A mutant displayed a negligible change (Table 
4.7). An increased rate and amplitude of the slow component suggests a modification in 
the equilibrium for the sharing of an electron between QA and QB towards QA-. 
Besides, from the data obtained with TL measurements in the absence of DCMU, 
a small increased temperature shift in the B band in both mutants was apparent, indicating 
a minor stabilisation compared to the control. In the presence of DCMU, the Q band, 
which originates from S2QA- recombination, also displayed a small temperature shift in 
TL measurements (Figure 4.14B and Table 4.10); this result was also in agreement with 
the fluorescence decay following a single actinic flash in the presence of DCMU (Table 
4.7), which showed a small increase in half-time in both phases. 
Interestingly, the data from the photodamage experiment with the K264E mutant 
was similar to the control in the presence of DMBQ and K3Fe(CN)6 during the high-light 
treatment, and recovery started immediately after 45 min of high light although it did not 
reach to the control’s recovery rate (Figure 4.17A). However, one thing that needs to be 
considered is that every time point of the photodamage assay is normalised to the initial 
rate for any particular strain. Although the initial rate of the control and K264E mutant 
had a difference (Table 4.6), the K264E mutant was able to resist the high light in a 
manner similar to that seen in control cells. As discussed in section 1.5.2, light-induced 
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reactive oxygen species are produced during the electron transfer reactions in PS II and, 
since the K264E mutant had a severe impairment in forward electron transfer compared 
to other mutants, it appeared this extensive blockage of electron transfer seems to 
minimise the production of reactive oxygen species, favouring photoprotection. This 
photodamage result was also seen with the addition of lincomycin after the 0 min 
measurement in the presence of DMBQ and K3Fe(CN)6: the K264E mutant demonstrated 
a gradual reduction of oxygen evolution similar to that observed in the control (Figure 
4.18A), and it also displayed a recovery after the addition of the lincomycin after the 45 
min of high-light treatment (Figure 4.18B). However, when HCO3- was present to 
support whole-chain electron transport in the high-light sensitivity (or photodamage) 
assay, the K264E strain was unable to perform the same rate of recovery as the control 
and other mutants (Figure 4.17B).   
Unlike the K264E mutant, the K264A strain was highly susceptible to 
photodamage and was retarded in the recovery process in the presence of DMBQ and 
K3Fe(CN)6 (Figure 4.17A); these data were also supported in the presence of lincomycin 
after either the 0 min or 45 min time points of high-light treatment (Figure 4.18A and 
4.18B). As discussed above, the conformation changes due to structural displacement 
resulting from the introduced mutation may add to the involvement of ROS production 
and the ability to undergo protein synthesis during the high-light treatment and this might 
be the reason for the observed sudden drop of oxygen evolution in the K264A mutant in 
the photodamage assay. To understand this further, the 35S-Met incorporation experiment 
was performed to follow protein synthesis during the recovery period after high-light 
treatment in the K264A mutant (Figure 4.19) and the results suggested that there was a 
defect in the repair mechanism, resulting in the inability to synthesise sufficient PS II 
protein at 10 min after the high-light treatment, and this was accompanied by a slow PS 
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II dimerisation process and the accumulation of unassembled pre-complexes containing 
the CP43 subunit (Figure 4.19B-lower panels). The introduction of a single point 
mutation in place of the D2-Lys264 amino acid residue was enough for the molecular 
machinery for biogenesis and the repair mechanism of PS II to be impaired.  
Overall, the introduction of mutations at the position of the D2-Lys264 residue 
impairs PS II assembly and the PS II repair mechanism and also has a large detrimental 
effect on the acceptor side reactions of PS II. 
4.8. Conclusion 
The D2-Glu242, D2-Thr243 and D2-Lys264 residues participate in the hydrogen 
-bond network in the stabilisation of bicarbonate and the non-heme ion via water 
molecules W582 and W622. Introduction of Ala and Asp in place of Glu-242 had an 
impact on the electron acceptor side reactions, although there was no apparent effect on 
PS II assembly. The T243A, K264A and K264E mutants exhibited less PS II assembly 
which leads to the observed reduction in PS II activity resulting in impaired or reduced 
oxygen evolution, slow QA- oxidation and an apparent delay in the exchange reactions 
involving the PQ pool and the QB-binding site. Besides, these mutants were highly 
susceptible to photodamage in the presence of PS II-specific electron acceptors 
especially in the cases of the T243A and K264A mutants. An impaired repair mechanism 
was also confirmed in the K264A mutant from 35S-Met protein labelling experiments. In 
addition, the E242A and K264E strains were insensitive to the addition of formate and 
bicarbonate, while other mutants showed bicarbonate-reversible formate-induced 
inhibition that was similar or more pronounced than that seen in control cells. Overall, 
the data suggest that the role of the D2-Glu242, D2-Thr243 and D2-Lys264 amino acid 
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residues in the hydrogen-bond network of the bicarbonate-binding environment are 


































Site-directed mutagenesis targeting the Arginine 448 residue of the 
CP43 protein in the hydrogen-bond network around the bicarbonate-
binding environment 
5.1. Introduction 
 As mentioned in chapter 4, D2-Glu242 has a hydrogen-bond connection with D2-
Lys264, which provides the stabilisation of NHI via D2-His268 as well as bicarbonate. 
D2-Lys264 had a large effect on the structure, function and repair mechanism of PS II. 
The data from D2-Glu242 mutants suggested that it had an impact on electron acceptor 
side reactions of PS II. This D2-Glu242 has a direct hydrogen bond with CP43-Arg448. 
Therefore, in this chapter, we investigated the role of the Arg-448 residue of the CP43 
protein in the structure and function of PS II in Synechocystis 6803.  
5.2. CP43 protein 
CP43 is one of the major integral thylakoid proteins which binds 13 chlorophyll 
molecules (Umena et al., 2011). The CP43 protein is composed of 460 amino acid 
residues, is the product of the psbC gene, and contains six transmembrane alpha-helices 
(Figure 5.1). In addition, it contains five hydrophilic loops (loop A, B, C, D and E) that 
connect the membrane-spanning domains (Zouni et al., 2001; Ferreira et al., 2004). 
Loops A, C and E face the lumenal side while loops B and D, as well as the N (Val1-
Lys36) and C-termini (Arg448 -Asp460), face the cytosolic side of the membrane (Burch 




Figure 5.1. CP43 protein structure with six transmembrane helices and five hydrophilic 
loops. The colour scheme shows, −helical structures in red, and 𝛽-sheets in yellow, 
while green indicates the loop regions. The CP43-Arg448 residue (cyan) is shown in 






Figure 5.2. Hydrogen-bond network around the bicarbonate-binding environment, D2-
Glu242 (Green), CP43-Arg448 (Cyan) are highlighted in this figure with other amino 
acid residues labelled. BCR represents bicarbonate, Fe is the non-heme iron, and red 
spheres indicate water molecules. Oxygen atoms are shown in red and nitrogen atoms 
are shown in blue. Dashed black lines indicate hydrogen bonds with distances of 3.7 Å 
or less. The figure was generated using PyMOL (Delano 2001) and PDB 4UB6. 
 
5.3. Choice of mutants 
Based on the crystal structure at resolution 1.95 Å (Suga et al., 2015) (PDB 
4UB6), the backbone carbonyl oxygen of D2-Glu242 residue forms two putative 
hydrogen bonds with the side chain of CP43-Arg448 at a distance of 2.8 Å and 3.7 Å, 
respectively (Figure 5.2). Four mutants (R448A, R448D, R448K and R448P) were 
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created to disrupt these hydrogen bonds to investigate the contribution of CP43-Arg448 
in the stabilisation of the hydrogen-bond network around the bicarbonate-binding 
environment in PS II. The mutants were selected to delete the side chain at the  carbon 
of arginine using alanine, to interrupt the charge properties by changing to an aspartate, 
and to maintain the charge stability by introducing a lysine. Proline was chosen to limit 
the hydrogen-bond formation as well as to restrict the conformation in the polypeptide 
backbone (Gray et al., 2017).  
5.4. Chapter outline 
 This chapter is divided into three sections; the first section describes the 
construction of mutants, the second section includes the physiological characterisation 
of mutants compared to the control under the standardised condition, and the third section 
is related to the high-light sensitivity and 35S-Met protein labelling experiment.  
5.5. Construction of the mutants 
As described in chapter 3, Synechocystis 6803 has two copies of psbD gene and 
one copy of the psbD gene is in an operon with psbC. The control that we used in this 
study known as DIC+/DII-, in which the second copy of psbD gene was deleted using a 
kanamycin-resistance cassette, and point mutations of the D2 protein in this study were 
introduced in the operon containing psbDI and psbC gene using a spectinomycin-
resistance cassette as a selectable marker (Appendix 1). To construct the CP43-Arg448 
mutants, the plasmid containing the psbDI:psbC operon with the spectinomycin-
resistance cassette was used (Appendix 1).  
CP43-Arg448 mutations were introduced using the QuikChange II site-directed 
mutagenesis kit (Agilent, Santa Clara, CA, USA) with the primers 1- 8 from Table 2.1. 
The constructed plasmids, including their introduced mutations, were verified by using 
the restriction enzyme HindIII (Figure 5.3) and Sanger sequencing. Plasmids containing 
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the introduced mutations in the psbDI:psbC operon were then used for the transformation 





Figure 5.3. Verification of plasmids containing an introduced mutation in the 
psbDI:psbC operon. A, Plasmid map including the psbDI:psbC operon (9756 bp), 
Restriction fragments generated by the HindIII restriction enzyme are shown on the map 
in different colours and labelled. B, HindIII restriction enzyme verification of the plasmid 
containing introduced CP43-Arg448 mutants in the psbDI:psbC operon, Lanes are: (1) 1 
kb plus DNA ladder; (2) HindIII digest of the R448A plasmid; (3) HindIII digest of the 








Figure 5.4. Confirmation of inserted mutation in plasmids containing the psbDI:psbC 
operon by Sanger sequencing after individual plasmids were transformed into the 
DIC/DII strain. Introduced mutations are in highlighted and labelled. 
 
5.6. Physiological characterisation of mutants 
As described earlier, physiological characterisation included measurements of 
photoautotrophic growth, low temperature (77 K) fluorescence emission spectroscopy, 
oxygen evolution, variable chlorophyll a fluorescence (fluorescence induction and 
fluorescence decay following single-turnover actinic flashes), thermoluminescence as 
well as BN-PAGE followed by western blotting.  
5.6.1. Photoautotrophic growth and low temperature (77 K) chlorophyll a 
fluorescence emission 
A series of mutants carrying substitutions at Arg-448 of CP43 were analysed. 
Under the conditions used (section 2.4.1), the photoautotrophic growth was measured. 
The mutants R448K (doubling time ~13.5 h) and R448P (doubling time ~ 14 h) had 
similar growth to the control (doubling time ~13.5 h) while the R448A and R448D strains 
showed a slower growth rate (doubling time ~16 h and 16.5 h, respectively) (Figure 
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5.5A). Based on the photoautotrophic growth curve, the replacement of arginine with 
alanine and aspartate in these strains seemed to affect the activity of PS II.  
Low temperature (77 K) fluorescence emission spectra were performed on the 
different mutants following excitation at 440 nm and 580 nm to determine the relative 
levels of PS II and PS I in the strains. For all of the mutants, fluorescence emission 
following excitation at 440 nm showed an apparent reduction in the PS II: PS I ratio, 
with a higher emission peak at 685 nm compared to 695 nm, indicating fewer assembled 
PS II complexes in these mutants (Figure 5.5B).  
For fluorescence emission following excitation at 580 nm, which specifically 
excites the phycobilisome, the R448A and R448D mutants showed a higher emission 
peak at 695 nm compared to the control after normalisation with the PS I peak at 725 nm 
although the level of assembled PS II was similar in the R448K and R448P mutants 
(Figure 5.5C). The data suggested that unassembled PS II in these mutants might be the 
reason for the uncoupled energy transfer from the phycobilisome to the PS II reaction 
centres since higher fluorescence emission at 685 nm, likely originating from the 












Figure 5.5. Photoautotrophic growth, low-
temperature (77 K) fluorescence emission spectra 
for the control and mutants. A, Photoautotrophic 
growth curve of control (full black circles), R448A 
(full blue circles), R448D (full blue triangles), 
R448K (empty blue triangles) and R448P (empty 
blue circles). The error bars represent the standard 
error from three independent experiments. B, Low-
temperature fluorescence emission spectra 
following excitation at 440 nm for control (black 
solid line), R448A (blue dotted line), R448D (blue 
small dashes line), R448K (blue solid line), and 
R448P (blue big dashes line). C, Low-temperature 
fluorescence emission spectra following excitation 
at 580 nm for control (black solid line), R448A 
(blue dotted line), R448D (blue short dashes line), 
R448K (blue solid line), and R448P (blue long 
dashes line). In panels B and C, spectra are the 
average of three independent experiments, 





5.6.2. O2 evolution measurement  
Oxygen evolution rates for the mutants shown in Table (5.1) were similar to the 
control in the presence of HCO3-. However, a slight reduction of oxygen evolution was 
found in the R448D (85% of control) and R448K (92% of control) mutants in the 
presence of the PS II-specific electron acceptor DMBQ, which accepts electrons at the 
QB-binding site while the other two mutants showed similar rates as observed with the 
control. 
The addition of the PS II-specific electron acceptor DCBQ showed a more 
prominent effect than seen with DMBQ especially in the R448D mutant, which exhibited 
a rate of 242 mol per O2 per mg chlorophyll a per hour (i.e., 46% of the control rate) 
while the R448K strain exhibited 95% of the control rate. The data indicated that the 
maintenance of the charge of the Arg-448 residue in the R448K strain resulted in rates 
of oxygen evolution similar to the rates obtained for control cells with the different 
electron acceptors. For the R448A and R448P mutants, they displayed 406 mol per O2 
per mg chlorophyll a per hour (78% of control rate) and 433 mol per O2 per mg 
chlorophyll a per hour (83% of their control) in the presence of artificial electron acceptor 
DCBQ. Hence, variations in the effects of different substitutions for the same amino acid 
residue were observed. 







Table 5.1. Relative rates of oxygen evolution (mol O2 mg Chl a-1 h-1) for control and 
CP43-Arg448 mutants in the presence of 0.2 mM DMBQ and 0.2 mM DCBQ with 1 
mM K3Fe(CN)6 or 15 mM sodium bicarbonate. The errors displayed in the table are the 
standard error calculated from the average of three independent experiments. 
Electron acceptor Control  R448A R448D R448K R448P 
DMBQ 409 ± 39 408 ± 2 349 ± 6 376 ± 24 419 ± 3  
DCBQ 523 ± 12 406 ± 17 242 ± 15 499 ± 8 432 ± 18 
HCO3- 513 ± 23 476 ± 31 505 ± 16 524 ± 19 489 ± 9 
 
 
5.6.3. Room temperature chlorophyll a fluorescence induction and decay 
 Room temperature measurements of chlorophyll a fluorescence induction were 
performed in the control and the mutants in the presence or absence of DCMU. In the 
absence of DCMU, the extent of fluorescence emission from all CP43-Arg448 mutants 
displayed a significant decrease compared to the control, although they retained OJIP 
features. The Fm level of the fluorescence induction curve (maximum fluorescence 
intensity) in the R448D mutant was approximately 60% lower than the control while the 
R448A and R448P strains had an ~ 40% reduction and the R448K mutants exhibited ~ 
25% reduction compared to the control cells (Figure 5.6A). Following addition of 
DCMU, all CP43-Arg448 mutants demonstrated lower fluorescence emission than the 
control, indicating a reduced active number of PS II in these mutants (Figure 5.6B). 
Therefore, the data confirmed the perturbation of PS II assembly in these CP43-Arg448 




Figure 5.6. Variable fluorescence induction and decay upon illumination of dark-
adapted cells. A, Variable fluorescence induction in the absence of DCMU. B, Variable 
fluorescence induction in the presence of DCMU. C, Variable fluorescence decay 
following a single-turnover actinic flash in the absence of DCMU. D, Variable 
fluorescence decay following a single-turnover actinic flash in the presence of DCMU. 
In all panels, the symbols are control (full black circles), R448A (full blue circles), 
R448D (full blue triangles), R448K (empty blue triangles) and R448P (empty blue 
circles). Only selected data points are shown for clarity. Data displayed are from the 
average of three independent experiments. 
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Table 5.2. Kinetic analysis of the decay of chlorophyll a fluorescence following a 
single turnover actinic flash in the presence or absence of DCMU. 
Strain Treatment Fast Component Intermediate Component Slow Component 
  
Rate 








(t1/2 = s) 
Amplitude 
(%) 
Control No treatment 270 ± 21.0 61.0 ± 3.0  2.4 ± 0.3  31.0 ± 3.0  5.8 ± 0.7    8.0 ± 1.0 
   +DCMU    1.6 ± 0.2  10.0 ± 1.0  0.7 ± 0.1  90.0 ± 1.0 
R448A No treatment 318 ± 21.0 56.0 ± 1.2  2.8 ± 0.0  34.0 ± 1.0  5.3 ± 0.2  10.0 ± 0.7 
   +DCMU    1.7 ± 0.3  13.0 ± 0.9  0.9 ± 0.1  87.0 ± 0.9 
R448D No treatment 359 ± 4.4 58.0 ± 3.3  4.7 ± 0.9  26.0 ± 3.0  4.3 ± 0.6  13.0 ± 1.8 
   +DCMU    1.7 ± 0.2  15.0 ± 1.1  0.9 ± 0.0  85.0 ± 1.1 
R448K No treatment 293 ± 30.0 53.0 ± 4.3  2.7 ± 0.3  38.0 ± 3.6  5.2 ± 1.4    9.6 ± 0.9 
   +DCMU     1.7 ± 0.2  12.0 ± 1.4  0.9 ± 0.1  88.0 ± 1.4 
R448P No treatment 283 ± 9.6 48.0 ± 2.3  2.5 ± 0.1  40.0 ± 1.1  2.3 ± 0.4  12.0 ± 1.5 
 +DCMU     1.4 ± 0.3  13.0 ± 1.5  0.8 ± 0.1  87.0 ± 1.5 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
The fluorescence decay following a single-turnover flash was investigated and 
the corresponding kinetics analysed using the model whereby the fast phase indicates 
electron transfer from QA- to QB, an intermediate phase indicates the fraction of QB bound 
before the flash and a slow phase indicates recombination with the donor side (Vass et 
al., 1999). 
The kinetic analysis is described in Table (5.2). In the absence of DCMU, the 
fluorescence decay of control was dominated by a fast phase (t1/2 ~270 s) with an 
amplitude of 61%. The half-time for intermediate phase was 2.4 ms with an amplitude 
of 31%, and the contribution of the slow phase was 8 % (t1/2 5.8 s). For the R448A mutant, 
there was a slight increase in the fast and intermediate phase, demonstrating t1/2 318 s 
(amplitude 56%) and 2.8 ms (amplitude 34%), respectively. However, the slow 
 
 197 
component showed a minor acceleration in half-time, showing a t1/2 of 5.3 s with an 
amplitude of 10%. The R448D strain displayed a slower decay in the first two phases, 
demonstrating t1/2 359 s (amplitude 58%) in the fast component, t1/2 4.7 ms (amplitude 
26%) in the intermediate component and a minor acceleration in the slow component, 
t1/2 4.3 s with the amplitude 13% compared to the control. For the R448K mutant, there 
was a negligible change in the half-time for all phases but the amplitude change was 
obvious compared to the control (Table 5.2). Like the R448K mutant, the R448P strain 
also demonstrated minor changes in the half-time of the fast and intermediate phases; 
however, it showed a noticeable acceleration in the slow phase, displaying a t1/2 of 2.3 s 
with an amplitude of 12%. Besides, the amplitudes for all phases showed a shift 
compared to the control (Table 5.2).  
 In the presence of DCMU, the fluorescence yield relaxation in the control 
exhibited a fast phase component (t1/2 1.6 ms) with a 10% amplitude, and the back 
reaction (slow phase) had a t1/2 of 0.7 s with an amplitude 90% (Table 5.2). Compared to 
the control, all mutants except for the R448P strain displayed a slightly slowed 
fluorescence decay in their intermediate and slow components (Table 5.2). For the 
R448P mutant, a small acceleration in the intermediate component (t1/2 of 1.4 ms with an 
amplitude of 13%) was observed.  
Furthermore, we also investigated the effects of formate and bicarbonate in these 
mutants. In the presence of 25 mM formate, the chlorophyll a fluorescence decay 
following a single actinic flash was similar in the mutants and the control cells (Figure 
5.7 and Table 5.3); however, the inhibition was more marked in the R448P strain. For all 





Figure 5.7. Variable fluorescence decay following a single turnover actinic flash. A, 
control (full black circles), B, R448A (full blue circles), C, R448D (full blue triangles), 
D, R448K (empty blue triangles) and E, R448P (empty blue circles). In all panels, dark-
adapted cells were treated with 15 mM bicarbonate (continuous line), 25 mM formate 
(dotted line), 15 mM bicarbonate, and 25 mM formate (dashed line) prior to the 
measurements. Only selected data points are shown for clarity. Data displayed are from 




Table 5.3. Kinetic analysis of the decay of chlorophyll a fluorescence after a single 
turnover flash for cells treated with 25 mM formate, 15 mM bicarbonate, 15 mM 
bicarbonate and 25 mM formate in CP43-Arg448 mutants and the control. 












(t1/2 = s) 
Amplitude 
(%) 
Formate Control 324 ± 16 62.0 ± 0.5   7.0 ± 2.0 26.0 ± 0.3 3.0 ± 0.5 13.0 ± 0.8 
R448A 638 ± 20 55.0 ± 3.6 15.0 ± 5.6 29.0 ± 2.1 2.0 ± 1.1 16.0 ± 1.5 
R448D 620 ± 15 58.0 ± 1.7 15.0 ± 3.6 29.0 ± 0.7 5.0 ± 2.0 13.0 ± 1.0 
R448K 670 ± 46 51.0 ± 0.2 13.0 ± 1.4 33.0 ± 1.1 1.0 ± 0.3 17.0 ± 0.9 
 R448P 600 ± 56 33.0 ± 0.1 11.0 ± 2.1 39.0 ± 1.6 1.0 ± 0.1 29.0 ± 1.5 
HCO3- Control 241 ± 10 62.0 ± 1.6   4.0 ± 1.2 27.0 ± 3.5 6.0 ± 0.0 11.0 ± 1.9 
R448A 232 ± 10 57.0 ± 0.3   3.0 ± 0.2 29.0 ± 0.3 4.0 ± 0.5 13.0 ± 0.5 
R448D 273 ± 41 58.0 ± 5.9   3.0 ± 0.7 31.0 ± 4.8 2.0 ± 0.9 12.0 ± 1.1 
R448K 271 ± 24 61.0 ± 3.3   3.0 ± 0.4 30.0 ± 3.3 7.0 ± 1.3   9.0 ± 0.0 
 R448P 295 ± 43 54.0 ± 1.0   3.0 ± 0.1 35.0 ± 0.2 2.0 ± 0.1 10.0 ± 0.8 
Formate + 
HCO3-  
Control 250 ± 34 59.0 ± 2.5   3.0 ± 0.3 29.0 ± 0.4 4.0 ± 1.0 12.0 ± 2.9 
R448A 318 ± 30 57.0 ± 1.0   4.0 ± 0.3 32.0 ± 1.9 2.0 ± 0.1 11.0 ± 0.8 
R448D 332 ± 15 59.0 ± 1.8   5.0 ± 0.1 30.0 ± 1.7 4.0 ± 0.7 12.0 ± 0.1 
R448K 291 ± 35 58.0 ± 2.2   4.0 ± 0.4 32.0 ± 1.6 5.0 ± 0.9 10.0 ± 0.6 
 R448P 369 ± 48 53.0 ± 1.2   4.0 ± 0.3  36.0 ± 2.3 3.0 ± 1.1 10.0 ± 1.0 
Kinetic analyses were performed according to Vass et al. (1999). Data are the average of 
three independent experiments, and the standard error of the mean for the calculated rates 
and amplitudes is shown. 
 
5.6.4. Thermoluminescence measurement 
 TL curves for the control and the mutants are shown in Figure 5.8 and the 
temperature peaks for the Q and B bands are shown in Table 5.4. In the absence of 
DCMU, the TL B band of the control originating from S2QB- recombination was observed 
at 32 ˚C while the R448A, R448K and R448P mutants showed a small B band shift, 
appearing at 33 ˚C, 34 ˚C and 33 ˚C, respectively (Figure 5.8 and Table 5.4). For the 
R448D mutant, the B band appeared at 36 ̊ C, consistent with more energy being required 
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to drive the charge recombination. Besides, the TL intensity of three mutants, R448A, 
R448D and R448P was obviously lower than the control, suggesting that the non-
radiative pathway in these mutants has more influence than the radiative pathway (or) 
one cannot generate full QA- under the conditions used. 
 In the presence of DCMU, the control strain displayed the Q band at 20 ˚C and C 
band at 55 ˚C. All CP43-Arg448 mutants showed a minor Q band shift compared to the 
control (Table 5.4); however, they all showed the C band at 55 ˚C. The TL intensity of 
all mutants in the presence of DCMU displayed lower than the control. 
 
 
Figure 5.8. Thermoluminescence characteristics of CP43-Arg448 mutants. Cells were 
excited by a single actinic flash at -10 ˚C, and thermoluminescence data were recorded 
in the temperature range of - 40 ˚C to 80 ˚C in the absence of DCMU (panel A) and the 
presence of DCMU (panel B). The measurements were performed on control (black line), 
R448A (blue dotted line), R448D (blue dashed line), R448K (blue line) and R448P (blue 




Table 5.4. Thermoluminescence temperatures of the CP43-Arg448 mutants. The data 










Control 32.0 ± 0.0 20.0 ± 0.0 55.0 ± 0.0 
R448A 33.0 ± 0.5 21.0 ± 0.0 55.0 ± 0.0 
R448D 36.0 ± 1.0 24.0 ± 1.0 55.0 ± 0.0 
R448K 34.0 ± 0.5 24.0 ± 0.5 55.0 ± 0.0 
R448P 33.0 ± 0.5 23.0 ± 0.5 55.0 ± 0.0 
 
 
5.6.5. Analysis of Photosystem II assembly 
 The data from 77 K and fluorescence measurement suggested that the levels of 
PS II may be altered in these mutants, blue-native polyacrylamide gel electrophoresis 
and western blotting were performed to further investigate the extent of PS II assembly 
in the different strains. As shown in Figure 5.9, there was no difference in PS I trimer, 
PS II dimer and PS II monomer bands between control and all mutants for the three 
specific antibodies for D1, D2 and CP47; however, all mutants exhibited the 
accumulation of low-molecular-weight protein complexes containing the CP43 subunit 
(Figure 5.9E) when probed with a CP43 antibody. This observation of impaired assembly 
of PS II in these CP43-Arg448 mutants appeared to correlate with the data obtained from 






Figure 5.9.  Blue-native (BN) PAGE followed by western blot analysis. A, BN-PAGE 
gel. B, western blot with an antibody against D1. C, western blot with an antibody against 
D2. D, western blot with an antibody against CP47. E, western blot with an antibody 
against CP43. The strains are labelled above their corresponding lane. 
 
 5.7. High-light sensitivity assay  
The sensitivity of cells to high-light-induced stress was assessed in these mutants 
in the presence of the PS II-specific electron-accepting system DMBQ and K3Fe(CN)6 
and when HCO3- was added to support whole chain electron transport. These experiments 
investigate the impact of high light of the susceptibility to photodamage and the operation 
of the PS II repair mechanism in the different strains. In the presence of DMBQ and 
K3Fe(CN)6, all mutants except the R448K strain showed an increased susceptibility 
towards photodamage during the high-light treatment (reducing to ~30% of their initial 
oxygen evolution rates) and were unable to recover during the low-light period (Figure 
5.10A). The R448D mutant was the most susceptible mutant and showed approximately 
just less than 50% of the initial oxygen evolution rate during the recovery period. 
Maintenance of the charge found on the arginine residue may be the key to maintain PS 
II activity in these experiments. The R448A and R448P strains displayed ~75% of their 
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initial rates in the recovery stage while the R448K mutants retained a similar phenotype 
to the control. Notably, as observed in the other D2-mutants studied in this thesis, in the 
presence of HCO3- all CP43-Arg448 mutants were able to support oxygen evolution 
exhibiting acclimation under high light and low light behaving in a similar manner to 
control cells (Fig. 5.10B). 
 
Figure 5.10. The sensitivity of oxygen evolution to high light (or photodamage) for 
control and mutants. A, Photodamage assay of control and mutants in the presence of 
DMBQ and K3Fe(CN)6; control (full black circles), R448A (full blue circles), R448D 
(full blue triangles), R448K (empty blue triangles) and R448P (empty blue circles). B, 
Photodamage assay of control and mutants in the presence of 15 mM HCO3–. Symbols 
are as in panel A. In both panels, high light (HL) was 2000 mol photons m–2s–1 and low 
light (LL) was 30 mol photons m–2s–1. Error bars represent the standard error from three 
independent experiments. 
 
5.8. 35S-Met protein labelling experiments 
35S-Met protein labelling experiments were performed to follow protein synthesis 
during the recovery stage for the CP43-R448D mutant based on the data from the high-
light sensitivity assay. As mentioned before, BN-PAGE was performed for the 
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radiolabelled samples at the designated time points and then followed by two-
dimensional PAGE to separate the individual subunits from the samples at 10 min, 30 
min and 120 min after high-light treatment.  
 As shown in the BN-PAGE of control cells and the R448D strain at the designated 
time points (Figure 5.11A), a very fainted PS II dimer band was observed in the R448D 
strain relative to the control at 0 min, 10 min and 30 min after high-light treatment.  
The autoradiogram of the two-dimensional protein analysis for the R448D mutant 
at 10 min after high-light treatment (Figure 5.11B- left lower panel) indicated less 
incorporation of the label into the PS II dimer than seen in the control. At 30 min into the 
recovery period, less uptake of the 35S-Met label by PS II was observed except for the 
case of the D1 protein in the autoradiogram for the R448D mutant, indicating slower 
protein synthesis during the recovery stage in this mutant when compared to the control 
(Figure 5.11B- middle lower panel). The enhanced incorporation of label into the PS II 
monomer and CP43 pre-assembly complex was evident in the autoradiogram of the 
R448D mutant at 120 min recovery time (Figure 5.11B- right lower panel). Additionally, 
the label in R448D cells was more prominent in the RC47 pre-assembly complex in the 
two-dimensional SDS PAGE gels (Figure 5.11B-lower panels) although its presence in 












Figure 5.11. Analysis of photodamage and recovery in isolated thylakoid membranes. 
Control and R448D cells at 10 g mL–1 chlorophyll were subjected to high light (2000 
mol photons m–2s–1) for 45 min, followed by recovery in the presence of 35S-Met under 
low light (30 mol photons m–2s–1) for 120 min. Two millilitre samples were collected 
at the designated time points. A, After thylakoid extraction and solubilisation, complexes 
were separated first by BN-PAGE at 45 min before the high light treatment, and 0 min, 
10 min, 30 min and 120 min after high light treatment; the bands corresponding to PS I 
 
 206 
trimer, PS II dimer, PS II monomer and RC47 complexes are indicated. B, 
Autoradiograph of two-dimensional analysis by BN-PAGE, then SDS-PAGE of samples 
at 10 min (left panels), 30 min (middle panels) and 120 min (right panels) during the 
recovery period; PS I, D1, D2, CP47 and CP43 bands are indicated. 
 
5.9. Discussion 
The Arg448 residue of the CP43 protein of PS II is located towards the C terminus 
of the protein and forms two hydrogen bonds with D2-Glu242 (Figure 5.2). Since the 
D2-Glu242 residue has a hydrogen bond with the D2-Lys264 ligand to the bicarbonate 
bound to the non-heme iron implicated in a putative hydrogen-bond network associated 
with protonation of reduced QB, targeted mutations were introduced at the CP43-Arg448 
position to investigate the importance of this residue in the operation of PS II.  
Photoautotrophic growth of R448K and R448P cells was similar to the control 
but the R448A and R448D mutants showed slightly slowed growth (Figure 5.5A). With 
respect to PS II assembly, all four mutants appeared to have reduced levels of assembled 
PS II based on their low-temperature fluorescence emission spectra obtained with 
excitation at both 440 nm and 580 nm; however, the R448K mutant exhibited emission 
spectra similar to those obtained from control cells (Figure 5.5B). 
 This result was also consistent with the data from room-temperature fluorescence 
induction in the presence of DCMU, but here all mutants were observed to have reduced 
levels of active PS II complexes (Figure 5.6B). Moreover, the apparent effects on PS II 
assembly were in agreement with the data from BN-PAGE and subsequent western 
blotting, where these CP43-Arg448 mutants showed an accumulation of a CP43-pre-
assembly complex (Figure 5.9E). Therefore, these results suggest that CP43-Arg448 
plays a role in the structural stability of PS II.  
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Interestingly, this CP43-Arg448 residue is 12 Å away from the HCO3- ion, 14.6 
Å away from QA and 16.8 Å away from the QB molecule, and besides there is no direct 
relationship with them. Along with the observation in chapter 4 that strains carrying 
mutations at D2-Glu242 assemble PS II at a level similar to the control, this suggests 
disruption of the hydrogen bonds between CP43-Arg448 and D2-Glu242 may not be the 
reason for the observed structural perturbation apparently present in the CP43-Arg448 
mutants.  
However, the CP43-Arg448 residue has a hydrogen bond with D2-Asp225 (2.7 
Å) and D2-Thr243 (5.4 Å) according to PDB 4UB6 (Figure 5.12). Besides, this D2-
Asp225 makes a direct hydrogen bond with D1-Arg269 and D2-Thr243 (Figure 5.12). 
This D2-Thr243 residue is directly hydrogen-bonded with W582 (Figure 4.21) and 
structural defects of PS II were observed in the T243A mutant (section 4.7.2). These 
interactions of CP43-Arg448 with nearby residues might be the possible factors causing 








Figure 5.12. Hydrogen bonds between the CP43-Arg448 amino acid residue and its 
binding environment in PS II. CP43-Arg448 (Cyan) is highlighted in this figure, with the 
other residues labelled. Red spheres indicate water molecules. Oxygen atoms are shown 
in red and nitrogen atoms are shown in blue. Dashed black lines indicate putative 
hydrogen bonds within 3.7 Å range. The figure was generated using PyMOL (Delano 
2001) and PDB 4UB6. 
 
 
 The reduction of oxygen evolution was found in the CP43-Arg448 mutants and 
this was most apparent in the R448D mutant. In regard to the QA- oxidation state by direct 
probing of chlorophyll fluorescence, all mutants showed an obvious reduction of 
fluorescence induction in the absence of DCMU although they still have the OJIP 
features (Figure 5.6A). In addition, the data from the chlorophyll a fluorescence decay 
measurement following a single-turnover actinic flash in the absence of DCMU in the 
R448D mutant indicated that there was an impaired forward electron transfer and an 
altered QB-binding site, displaying slower kinetics in the fast and intermediate 
components compared to the control. For the other three mutants, no clear changes in the 
half-times of the first two components were observed; however, the decreased amplitude 
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in the fast phase suggested that a large fraction of PS II centres in these mutants have an 
empty site where there is no PQ bound in the dark state.  
The half-time of the slow component found in the R448A, R448D and R448K 
mutants showed a minor acceleration compared to the control, but the half-time of R448P 
mutant showed 2.5 times faster than the control. An increase in this component 
(incorporating a shorter half-time) suggests a shift in the equilibrium for the sharing of 
an electron between QA and QB towards QA- since the rate of recombination between QA- 
and the oxygen-evolving complex is approximately 1 s whereas the rate of recombination 
from QB- is >10 s (Robinson and Crofts 1983; Vass et al. 1999).  
The fluorescence decay in the presence of DCMU indicated that there was a slight 
change in the millisecond and the second components in these mutants compared to the 
control. The results were in agreement with the TL measurement in the presence of 
DCMU, showing a small shift of the Q band, and thus more stabilisation of QA-. For the 
TL measurement in the absence of DCMU, all mutants showed minor temperature shifts 
compared to the control. The CP43-Arg448 residue has two putative hydrogen bonds 
with D2-Glu242, which is hydrogen-bonded with D2-Lys264. Based on the data in this 
study mentioned in chapter 4, D2-Lys264 is regarded as one of the critical residues to 
maintain the QA-NHI-QB complex and may also be involved in the protonation pathway. 
Therefore, disruption of this hydrogen-bond network due to the construction of these 
CP43-Arg448 mutants might be the reason of the alteration of electron transfer between 
QA and QB.  
The fluorescence decays obtained for all three mutants (R448A, R448K and 
R448P) and the control were similar in the presence or absence of added bicarbonate 
(Figure 5.7 and Table 5.3), suggesting that a bound bicarbonate to the NHI was still there 
in these mutants. However, the impaired fluorescence decay following a single actinic 
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flash without addition was restored after the addition of bicarbonate in the R448D mutant 
(Table 5.3). Therefore, the contribution of charge from CP43-Arg448 residue in the 
stabilisation of bicarbonate ion is one of the factors to be considered. Besides, all the 
mutants were more sensitive to the addition of formate than the control, and the formate 
effect is more prominent in the R448P mutant, showing a considerable impact on the 
amplitude of all three phases compared to the control although the half-time changes of 
R448P mutant were similar to other mutants. 
  As mentioned earlier, the position of the CP43-Arg448 residue does not involve 
a direct hydrogen bond with the bicarbonate ion; however, the introduced mutations at 
the CP43-Arg-448 position resulted in structural defects in PS II (Figure 5.9E), this effect 
might be due to the dissociation of bicarbonate in a larger proportion of the centres after 
addition of formate in these mutants than in control.  
The data from the high-light sensitivity assay suggested that all CP43-Arg448 
mutants except the R448K strain were very susceptible to high light and unable to recover 
during low light in the presence of DMBQ with K3Fe(CN)6 (Figure 5.10A). Based on the 
photodamage results in the previous chapters, we observed that if the mutants have 
structural instability, they were more prone to get severe damage during high-light 
exposure although other factors (ROS production, functional impairment, conformation 
changes due to high light and the type amino acids introduced, etc.) are needed to be 
considered. In the experiments performed in this chapter, the introduction of lysine 
maintains some of the functions of the Arg448 residue while the other alanine, aspartate 
and proline residues fail to substitute for the function of Arg448, suggesting the charge 
and polarity at this position is important.   
 The 35S-Met protein labelling experiment, performed with control and R448D 
cells, followed protein synthesis during the recovery period. The signal from both strains 
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(Figure 5.11B) became oversaturated especially 120 min after the high-light treatment. 
However, we still can see the difference between control and the R448D mutant. The 
data from the autoradiogram of the R448D mutant confirmed that there was a retarded 
repair mechanism, showing label in the D1 protein but not in the D2, CP47 and CP43 
proteins at 10 min and 30 min into the recovery period: a slow dimerisation and 
accumulation of signal in the CP43 pre-assembly complex at 120 min into the recovery 
time compared to the control was observed. Therefore, this slow repair system might be 
the reason for less production of oxygen during the recovery stage after high-light 
treatment in the R448D mutant relative to the control. 
5.10. Conclusion  
 Overall, the disruption of the hydrogen bonds connecting the CP43-Arg448 
residue with other residues in its binding environment have an impact on PS II structure, 







































The role of the bicarbonate ion has been recognised as an important factor to 
maintain optimal PS II activity in plants and cyanobacteria although the detailed 
mechanisms are still under investigation. In the high-resolution structure of the 
cyanobacterium T. vulcanus, the stabilisation of this bicarbonate ion is provided by the 
two water molecules (W582 and W622-PDB 4UB6) and the hydrogen-bond network, 
which is built up from amino acid residues of the D1 protein (D1-Glu244, D1-Tyr246 
and D1-Ser268), D2 protein (D2-Glu242, D2-Thr243, D2-Tyr244 and D2-Lys246) and 
CP43 protein (CP43-Arg448) (Figure 1.13) (Takahashi et al., 2009; Shevela et al., 2012). 
The main purpose of this study was to investigate the role of D2 and CP43 amino acid 
residues involved in the hydrogen-bond network around the bicarbonate-binding 
environment of PS II. Mutations targeting the D2-Glu242, D2-Thr243, D2-Tyr244, D2-
Lys264 and CP43-Arg448 residues were created to learn the importance of these residues 
to maintain the hydrogen-bond network in the stabilisation of bicarbonate and its effect 
on structure and function of PS II. 
6.1. Effects of D2 and CP43 mutants in PS II assembly 
 All introduced mutations, except those targeting D2-Glu242, showed an effect on 
PS II assembly, although the introduced mutation only changes a single amino acid in 
the corresponding protein of PS II. However, all these introduced mutations are in the 
vicinity of the bicarbonate ligand, which involves the stabilisation of the QA-NHI-QB 
complex (van Rensen et al., 2005). In particular, the involvement of the bicarbonate 
ligand in the assembly of PS II is very pronounced in the Y244A mutant after the 
introduction of alanine instead of the tyrosine residue.  
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However, PS II assembly was not disrupted in mutants carrying amino acid 
substitutions at the D1-Tyr246 residue, which also forms a hydrogen bond to the NHI 
and bicarbonate, although this substitution showed a large effect on electron transfer 
between QA and QB (Forsman et al., 2019). Despite the critical connection with key 
residues, other interactions in the surrounding environment that form putative 
protein/protein interactions need to be considered how they contribute to the stability of 
PS II. In a previous study, the structural disassembly of PS II was observed in the D2-
Arg24, and D2-Arg26 mutants (Biswas, S. 2019) and these two residues provide the 
attractive interactions with the QB tail group based on the fragment orbital method 
calculation, indicating a contribution to PQ binding at QB (Hasegawa and Noguchi, 2014; 
Lambera et al., 2014). 
In this study, the nitrogen atom of amino group of D2-Lys264 residue forms a 
hydrogen bond with the oxygen atom of the bicarbonate ion and also has a hydrogen 
bond with D2-His268 to provide the stabilisation of NHI. Besides, D2-Lys264 forms 
hydrogen bonds with two key amino acid residues, D2-Tyr244 and D1-Glu244 (Figure 
4.22). Therefore, the interruption of these interactions between Lys264 and the 
surrounding environment can affect the stability of PS II.  
The D2-Thr243 residue has a connection with the bicarbonate ligand through 
W622 and W582 (PDB 4UB6); furthermore, it also participates in D1/D2 protein 
interactions by linking with D1-Arg269 (Figure 4.21). Based on the connection of D2-
Thr243, D1-Arg269 may also be involved in the stabilisation of PS II. In 
Chlamydomonas reinhardii, the introduction of point mutations at D1-Arg269 had a 
profound effect on the structure and function of PS II (Hutchison et al., 1996; Xiong et 
al., 1997). Therefore, the D2-Thr243 residue can be considered to be involved in the 
stabilisation of the D1/D2 conformation supporting the optimal interactions between the 
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D1 and D2 proteins. Due to the limitation of free rotation around the alpha carbon in the 
D2-T243A mutant, mutation of this residue might disturb interactions leading to the 
structural disturbance in the D2-T243A mutant and this has been confirmed by the results 
obtained in chapter 4. 
The CP43-Arg448 residue is also involved in the D2/CP43 protein interaction by 
linking with D2-Asp225, D2-Glu242, D2-Thr243 and these D2 amino acid residues are 
connected with D1-Arg269 (Figure 5.12). Therefore, disruption of these interactions in 
strains carrying mutation that target the CP43-Arg448 residues are likely to also impact 
PS II stability, and the result has been shown in chapter 5. 
6.2. Effects of D2 mutants on the donor side of PS II 
 The present findings in the flash-induced oscillation of oxygen evolution in the 
D2-Tyr244 and D2-Lys264 mutants suggested that the OEC of these mutants is partially 
affected; the data for these strains in chapters 3 (Figure 3.10) and chapter 4 (Figure 4.15) 
show an incomplete blockage of S-state cycling while other mutants showed small 
changes in S-state transitions. The less functional status of the OEC in D2-Tyr244 and 
D2-Lys264 mutants was also confirmed by oxygen evolution measurements (Table 3.1 
in chapter 3 and Table 4.6 in chapter 4). The effect of the perturbed OEC in these mutants 
can also be seen in the fluorescence decay measurements. In the case of the Y244A 
mutant, increased contribution in the fast component derived from TyrZ˚QA- 
recombination and a reduced contribution in the slow component from back-reaction 
with the S2 state of the OEC (Table 3.2) compared to the control suggested that there is 
an impairment involving assembly of the Mn cluster (Chu et al., 1995; Vass et al., 1999; 
Allahverdiyeva et al., 2004). A gel shift was also observed when performing BN-PAGE 
with isolated thylakoids from the Y244A mutant, which showed similarity to previous 
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observations on Mn-depleted strains (Salomon and Keren, 2011). Moreover, there is a 
wave feature in the fluorescence decay curve in the Y244F mutant (Figure 3.4A and 3.6), 
this phenomenon can be seen in the wild-type strain of Synechocystis 6803 under the 
condition of oxygen deprivation (Deák et al. 2014). All of these results indicate that there 
is a relationship between D2-Tyr244 amino acid residue and the OEC.  
However, the D2-Tyr244 and D2-Lys264 residues are nearly 50 Å away from the 
OEC, and so it is impossible to be a direct involvement of these residues in the 
stabilisation of OEC. Nevertheless, only these two residues make a direct hydrogen bond 
with bicarbonate among the introduced mutations in this study. As mentioned in section 
1.7.1, the possibility of the bicarbonate ion affecting the donor side of PS II is yet to be 
clarified despite having clear evidence of a lack of attachment of bicarbonate in the OEC 
itself. 
In a 2019 study, mobile bicarbonate was implicated in facilitating the water 
oxidation process by acting as a proton acceptor for protons produced by the OEC during 
the S-state cycle (Banerjee et al., 2019). This has been supported by an article from 
Johannes Messinger and co-workers who were able to distinguish between light-induced 
CO2 formation on both sides of PS II (Shevela et al., 2020). These above discoveries 
might explain why low oxygen yields of all introduced mutations in this study (when 
assayed with PS II-specific electron acceptors) show an elevated rate of oxygen 
production, at least to some extent, upon addition of exogenous bicarbonate. Besides, the 
current findings with the D2-Tyr244 and D2-Lys264 mutants in this study have also 
suggested that there might be a connection between the bicarbonate ligand and the OEC. 
A previous study has shown that the association or dissociation of the bicarbonate ligand 
to the NHI is controlled by the level of QA- accumulation (Brinkert et al., 2016). 
Therefore, it can be proposed that dissociation of bicarbonate from the acceptor side 
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might impact the water-splitting complex during the oxidation process, and these mutants 
are unable to perform this function. As described earlier, the Y244A mutant is able to 
perturb the bicarbonate stability to a greater extent than other mutants, therefore, the 
effect on the OEC is most obvious in the Y244A mutant.  
6.3. Effects of D2 and CP43 mutants on the acceptor side of PS II  
 As mentioned in section 1.6.3, one of the major functions of PS II is the complete 
reduction of plastoquinone. The bicarbonate ligand has been hypothesised to facilitate 
the electron transfer between QA and QB as well as to directly participate in the 
protonation pathway supplying the second proton to the doubly reduced QB2-(H+) moiety. 
A number of the modifications introduced in this thesis targeting amino acid residues in 
the vicinity of the bicarbonate-binding environment also affect the acceptor side 
reactions of PS II.  
Nearly all of the D2 mutants studied showed a slowed decay in their variable 
fluorescence following single-turnover actinic flashes consistent with a slowed electron 
transfer between QA and QB. In variable fluorescence induction measurements, a loss of 
the OJIP features was observed in the Y244A and K264E mutants suggesting electron 
transfer through the acceptor side of PS II was impaired. The detrimental effect of these 
two mutants on electron transfer reactions may have arisen as an indirect effect on the 
structural or conformational environment; however, the different substitutions of these 
amino acid residues in the different mutants (i.e., the Y244F, Y244H and K264A strains) 
potentially had modified redox couples QA/QA- and QB/QB- based on the correlated data 
from the fluorescence and TL measurements. In the TL data, these mutants showed an 
elevated temperature for the appearance of the Q band and B bands.  
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The fluorescence measurement (Figure 4.3) and the kinetic data (Table 4.2) in 
chapter 4 in the D2-Glu242 mutants suggests that there was an obvious slowed reaction 
to QB in these mutants. Moreover, D2-Glu242 mutants showed temperature alteration in 
their B band and Q band (Figure 4.6 and Table 4.5 in chapter 4). The results from BN-
PAGE and western blotting (Figure 4.8 in chapter 4) showed no difference between 
control and mutant: it can be concluded that there was no obvious structural instability 
in these mutants. Therefore, the functional impairments shown in these mutants are not 
due to the effect of structural disturbance and can be considered the direct involvement 
of the D2-Glu242 residue in the electron transfer between QA and QB. This residue forms 
hydrogen bonds between D2-Lys264 and CP43-Arg448: this condition may possibly be 
able to induce a modification in the hydrogen-bond network involving the  bicarbonate-
binding environment. Kless and co-workers, who focused on the D2-de loop region (D2 
residues 224 to 248) (Kless et al., 1993), mentioned that the amino acid substitutions in 
the D2 de-loop region affected  the QA- stabilisation and QB- stabilisation, which is in 
agreement with our results for the D2-Glu242 mutants. It can be considered that D2-
Glu242 residue is one of the key residues of the D2 DE-loop region in the correct 
formation of the quinone binding sites.  
 The CP43-Arg448 substitutions in the mutants created in this study, especially 
the R448D mutant, demonstrated modification in the S2QA- and S2QB- states in PS II as 
judged by the TL measurements for these strains (Figure 5.8 or Table 5.4 in chapter 5). 
The position of the CP43-Arg448 residue is not in close proximity with bicarbonate and 
the NHI between QA and QB, and it is unlikely to be involved in the direct stabilisation 
of these areas. However, the effect of these mutations might be due to pre-existing 
structural problems of Arg448 mutants or interactions of nearby residues including D2-
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Glu242, D2-Thr243 and D1-Arg269, which could influence the redox state of QA/QA- 
and QB/QB-. 
6.4. Effects on photoinhibition in PS II by introduced mutations and the role of 
bicarbonate in high-light-treated cells that have exhibited photodamage 
Exposure to high light causes the reduction of PS II activity when the rate of 
damage exceeds the ability of the repair process; this process is called photoinhibition. 
In this study, a high-light sensitivity assay for all of the mutants has been carried out. All 
mutants except D2-Glu242 mutants showed increased susceptibility to photodamage in 
the presence of DMBQ. As mentioned in section 1.5.2, the role of ROS, especially singlet 
oxygen during the high-light period plays a vital role in photodamage. However, it is 
hypothesised that light-induced QA- accumulation reduces the singlet oxygen production 
by facilitating the release of bicarbonate, leading to the slowed electron transfer and 
favours the photoprotection of PS II (Brinkert et al., 2016).  
During the course of the present study, nearly all mutants exhibited impaired 
fluorescence decay kinetics following single turnover actinic flashes that are consistent 
with impaired electron transfer between QA and QB. This condition suggested the 
presence of long live QA- species that may trigger the bicarbonate dissociation and reduce 
the PS II activity in these mutants. Moreover, Brinkert and co-workers (Brinkert et al., 
2016) also mentioned that the midpoint potential of the QA/QA- couple is shifted by 
around 80 mV in the positive direction and this makes the energy gap between the QA-
/QA couple and the excited chlorophyll/Pheo system larger reducing the probability of a 
back reaction via that route which can give rise to chlorophyll triplets and then singlet 
oxygen; however, the energy gap between the QA-/QA couple and P680+ is reduced 
favoring direct recombination thus preventing singlet oxygen production. 
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 Nevertheless, the non-heme ion between QA and QB complex may participate in 
the generation of hydroxyl radical (HO˚) through the Fenton reaction during the high-
light treatment (Pospísil et al., 2004; Pospíšil 2014). In a recent study, this HO˚ radical 
produced at the non-heme ion was associated with the extraction of hydrogen from D2-
Tyr244 and it can induce subsequent amino acid oxidation cascade of the nearby amino 
acid residues (Kale et al., 2017) and all introduced mutations in this study are located in 
proximity to the QA-NHI-QB complex and candidates for the propagation of amino acid 
oxidation which might favour photodamage. Besides, the accumulation of QA- can also 
lead to superoxide production (Vass, 2012). These conditions might explain the increased 
high-light sensitivity in nearly all mutants in the vicinity of the bicarbonate ligand around 
the QA-NHI-QB complex.  
The susceptibility of the different mutants to photodamage and their capacity to 
recover following high-light exposure varied between the different strains in this study; 
the most severe form of photodamage was observed in D2-Tyr244 mutants. As we 
discussed in section 1.5.2, there are two steps in the photodamage model suggested by 
Zavafer et al. (2015), the first target for photoinhibition is the OEC. In the D2-Tyr244 
mutants, especially the Y244A and Y244F strains, donor side photodamage is prominent 
compared to others. The possible explanation might be pre-existing structural problems 
of the D2-Tyr244 mutants lead them to be more vulnerable than others, or that the 
bicarbonate ligand is possibly involved in the photoassembly process (Baranov et al., 
2004; Dasgupta et al., 2007, 2008) and that since the D2-Tyr244 residue has a direct 
hydrogen bond with bicarbonate, disruption of this hydrogen bond can deteriorate the 
function of the OEC as we suggested before. 
Interestingly, photodamage in all mutants was recovered by the addition of 
exogenous bicarbonate. Recovery from photodamage by the effects of bicarbonate is not 
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a new theory, although the mechanism is still unclear (Sunby, 1990; Sunby et al., 1992). 
As described earlier, the main reason of photoinhibition is light-induced ROS production, 
and exogenous bicarbonate that we added seems to modulate the effects of ROS on PS 
II since sodium bicarbonate plays a role as a buffer in different conditions (Levraut et al., 
1996). Several studies have already shown that the effect of bicarbonate supplementation 
suppresses the production of different types of ROS and also transforms highly reactive 
oxygen species to a less toxic form, although this mechanism is not well established in 
PS II. Bicarbonate supplementation to the green micro-alga Dunaliella salina in 
macronutrient-deficient conditions can enhance the growth rate and biochemical 
composition by reducing H2O2 and malondialdehyde levels that otherwise increase due 
to stress-induced condition in the cells (Srinivasan et al., 2018). In their paper, Srinivasan 
et al. also showed the increased production of antioxidant enzymes such as superoxide 
dismutase, catalase and ascorbate peroxidase in bicarbonate-treated cells. Moreover, 
Fleming and Burrow (2020) described how the Fenton reaction carried out in the 
bicarbonate buffer system can generate the carbonate radical ion, which is a weaker 
oxidant and more specific than production of the hydroxyl radical from the Fenton 
reaction in phosphate buffer systems. Therefore, this buffering capacity of bicarbonate 
might be one of the plausible explanations for the effects of exogenous bicarbonate on 
ROS production in photodamage of PS II in Synechocystis 6803. Besides, as we 
discussed in section 6.3, mobile bicarbonate is hypothesised to accept the proton from 
the OEC and facilitates the water-oxidising complex to accelerate oxygen evolution, this 
is the another possible reason worth considering.  
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6.5. Effects of introduced mutations on protein synthesis during the repair 
mechanism visualised by 35S-Met protein labelling experiments 
 The results from the 35S-Met protein labelling experiments in this study suggested 
that the upregulation of D1 protein synthesis along with the other PS II subunits, 
including D2, CP47, CP43, and the PS I subunits are observed during the recovery stage. 
Therefore, not only the D1 subunit but also other major protein subunits in PS II are 
damaged during the high-light treatment, and this result is in agreement with other recent 
studies (Weisz et al., 2019; Fagerlund et al., 2020). However, the comparison of protein 
synthesis during the repair mechanism and the functional status of PS II in control cells 
indicates that the rate of oxygen evolution returns to its initial rate within 15 min of the 
recovery period, showing fully functional PS II while just only D1 protein synthesis can 
be observed in the autoradiogram after 10 min of recovery time. It can be considered that 
some percentage of the major protein subunits remain intact and are recycled, and 
therefore associate with the new D1 protein enabling PS II centres to commence 
functioning immediately after high-light treatment. The schematic diagram for this 




Figure 6.1. Schematic diagram of the proposed PS II repair cycle based on 35S-Met 
protein labelling experiments in this study. OEC is shown in red. All major proteins are 
shown in green and labelled. Intrinsic proteins (cyan) and extrinsic proteins (orange) are 
labelled. Dark green represents major protein subunits. Green represents major protein 
subunits, which go from light to dark as they are repaired. 
 
The repair machinery was severely affected in the D2-Y244A mutant: all major 
PS II protein synthesis, especially that of the D1 protein, was slowed. As mentioned in 
section 1.5.3, damaged D1 protein is the first protein to be degraded with the help of 
FtsH protease and then this is followed by de novo synthesis. The inhibition of new D1 
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protein synthesis after photodamage is related with the production of ROS (Nishiyama 
et al., 2004; Inoue et al., 2011; Nath et al., 2013). In 2019, Jimbo and co-workers (Jimbo 
et al., 2019) described the importance of elongation factor-Tu (EF-Tu) in the translation 
process of the repair mechanism after high light. They found an elevated level of EF-Tu 
after high light and this strongly correlated with the enhanced repair mechanism in PS II 
of Synechocystis 6803. However, oxidation of EF-Tu due to ROS can disturb the repair 
mechanism. It can be considered that the Y244A mutant which likely has an extensive 
production of ROS compared to the other mutants might possibly have an impact on the 
EF-Tu to delay the protein synthesis during the repair process.  
In the present study, an extensive accumulation of CP43 and CP47  pre-assembly 
complexes in the Y244A mutant during the repair mechanism was observed (chapter 3 
Figure 3.15) indicating that the existing structural disturbance of PS II in the Y244A 
strain influenced the repair process. It is possible that the bicarbonate ligand is important 
in the assembly and repair process of PS II since D2-Tyr244 has a direct interaction with 
the bicarbonate ligand. Compared to the Y244A mutant, accelerated protein synthesis 
was found in the Y244F mutant during the recovery period; however, the assembled PS 
II structure in the Y244F mutant was not able to produce oxygen, showing an immense 
impact on the OEC as mentioned before. The common characteristic feature of other D2 
mutants (D2-T243A and D2-K264A mutants) and CP43-R448D mutants during the 
repair period is the slow dimerisation process of PS II compared to the control and it 
might be due to preceding structural and assembly problems in these mutants (or) it can 
also be considered that a destabilised dimer in these mutants is readily converted back to 




6.6. Role of bicarbonate in PS II based on this study 
 The bicarbonate ligand is involved in PS II assembly and maintains the 
stabilisation of PS II. 
 The bicarbonate ligand might influence the function of OEC, although the precise 
mechanism is uncertain. 
 The bicarbonate ligand facilitates electron transfer between QA and QB and is also 
involved in the protonation pathway for the doubly reduced QBH2. 
 Exogenous bicarbonate rescues the impaired rate of oxygen evolution and slowed 
electron transfer in PS II centres that have been damaged by high light or inhibited 
by disrupted protonation.  
 The striking effect of exogenous bicarbonate is able to recover the photodamaged 
cells of PS II. 
The true novelty of this study is that these effects of bicarbonate (almost 
exclusively observed in bicarbonate-depleted systems in the previous literature) can be 
observed in these specific D2 mutants under ambient carbon dioxide levels indicating a 
physiological role for bicarbonate and specific roles for D2 residues in supporting the 
role of bicarbonate. 
6.7. Conclusion  
 In conclusion, mutations targeting the vicinity of the bicarbonate-binding 
environment provides more evidence of bicarbonate in the assembly, electron transfer 
and protonation of PS II. Additionally, it also illuminates the individual role of the amino 
acids involved in this study related to the structure, assembly, function and repair 
mechanism of PS II.  
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6.8. Future directions 
 Accumulation of the CP43 pre-assembly complexes, as seen in the western blots, 
is a structural problem for several mutants in this study. It would be interesting to find 
out the triggering factors for the accumulation of the CP43 pre-assembly complex in 
these mutants compared to the control. The effect of bicarbonate on reactive oxygen 
species production in PS II is another topic to uncover. The data from the D2-Y244A 
mutant provides additional support for a role of bicarbonate at the donor side of PS II, 
which has been the topic of bicarbonate research over the decades. Studies focusing on 
the effect of bicarbonate following Mn addition in photo-reactivation experiments after 
extraction of the OEC with hydroxylamine will be useful to see the effect of bicarbonate 
on the assembly of the OEC in PS II (Burnap et al., 1995; Dasgupta et al., 2007, 2008). 
Besides, the Y244A mutant showed faster fluorescence decay in the presence of DCMU, 
which might be due to enhanced recombination with P680+ (or) side path electron transfer. 
Therefore, the Y244A mutant is a potential candidate to explore the possibility of cyclic 
electron transport around PS II and its potential role in photoprotection of partially 
assembled PS II complexes during biogenesis.  
Furthermore, there were no obvious changes in the fluorescence and oxygen 
evolution measurements in K264E mutant after the addition of exogenous bicarbonate 
and formate. It might be due to the alteration in capacity for formate binding or for 
formate to remove the bicarbonate in the K264E mutant. Therefore, it can be considered 
that charge alterations in the D2-Lys264 induce conformational changes that might 
impact the binding or release of the bicarbonate ligand. So, the K264E mutant would be 
another interesting candidate which can provide a better insight into the role of 
bicarbonate in PS II.  
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Nearly all mutants showed changes that were consistent with altered redox 
potentials of the QA/QA- and QB/ QB- couples. Spectro-electrochemical redox titrations 
would be useful to measure redox potential (Em) in the appropriate mutants. Moreover, 
studies focusing on the protein modifications in the de-loop region of D2 would provide 
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Mass spectrometry analysis 
 The following table is the result of the mass spectrometry analysis described in 
the chapter 3. Spot was excised using a Pasteur pipette and sent to the centre for Protein 
Research (Department of Biochemistry, University of Otago, New Zealand). Samples 
were digested with chymotrypsin and analysed by LC-MS-based profiling using 
nanospray LTQ-Orbitrap XL mass spectrometry. Proteins were identified using 



















Table A2.1. Mass spectrometry analysis of the spot from the two-dimensional gel of 
Y244A mutant (labelled number 1 in Figure 3.12)  














sll0851 Photosystem II CP43 protein 67 84 221 
sll0680 Phosphate-binding periplasmic 
protein precursor (PBP)-PsbS1  
64 22 54 
slr1356 30S ribosomal protein S1  52 17 47 
slr2034 
(Ycf48) 
Putative homolog of plant 
HCF136, which is essential for 
stability or assembly of 
photosystem II  
44 12 23 
sll1342 NADP-dependent 
glyceraldehyde-3-phosphate 
dehydrogenase (bet CP43 and 
CP 47) 
42 12 27 
slr0906 Photosystem II CP47 protein 36 18 44  
sll1214 Hypothetical protein YCF59 36 12 28 
sll1580 Phycobilisome rod linker 
polypeptide 
32 8 14 
slr1984 Nucleic acid-binding protein, 
30S ribosomal protein S1 
homolog 
31 9 21 
sll0408 Peptidyl-prolyl cis-trans 
isomerase 




29 7 11 
sll1327 ATP synthase gamma chain 25 8 20 
slr1471 Hypothetical protein 24 10 47 
sll0759 ABC transporter ATP-binding 
protein  
22 6 12 
sll1625 Succinate dehydrogenase iron- 
sulphur protein subunit 





Table A2.2. Mass spectrometry analysis of the spot from the two-dimensional gel of 
Y244A mutant (labelled number 1 in Figure 3.14) 














sll1326 ATP synthase alpha subunit  66 43 93 
slr1329 ATP synthase beta subunit  64 28 85 
 Accession represents the unique identifier assigned to each protein in the  
database.  
 Proteins identified in the sport list the proteins covered in the respective spot. 
 Sequence coverage corresponds to the percentage of the protein sequence 
covered by the identified peptides. 
 Unique peptides matching identified protein are the number of peptide 
sequences that are unique to a protein group. These are the peptides that are 
common to the proteins of a protein group and which do not occur in the 
proteins of any other group.  
 Peptide Spectrum Matches for identified protein means the total number of 
identified peptide spectra matching the protein/ protein group. The PSM value 
may be higher than the number of peptides identified when the mass 
spectrometer acquired multiple spectra for the same peptide. The number of 







Biological replicates for the experiments 
All data displayed in this study are from the average of three independent 
experiments. In the following figures, examples of the biological replicates of the 
measurement for control strain are shown.  
 
Figure A3.1. Biological replicates of the 
control strain A, Photoautotrophic growth 
curve. B, Low-temperature fluorescence 
emission spectra the following excitation at 
440 nm. C, Low-temperature fluorescence 




Table A3.1. Biological replicates for relative rates of oxygen evolution (mol O2 mg 
Chl a-1 h-1) for the control strain in the presence of 0.2 mM DMBQ and 0.2 mM DCBQ 
with 1 mM K3Fe(CN)6 and 15 mM sodium bicarbonate. 
 DMBQ DCBQ HCO3- 
1st  time -control 437 505 547 
2nd time -control 459 518 522 
3rd time  -control 332 547 470 
Average 409.33 523.33 513.00 
Standard Deviation 67.87 21.50 39.28 












Figure A3.2. Biological replicates of the control strain for the variable fluorescence 
induction and decay measurement. A, Variable fluorescence induction in the absence of 
DCMU. B, Variable fluorescence induction in the presence of DCMU. C, Variable 
fluorescence decay following a single turnover actinic flash in the absence of DCMU. D, 








Figure A3.3. Biological replicates of the control strain for the variable fluorescence 
decay following a single turnover actinic flashes spaced at 200 ms intervals for multiple 
flashes A, Two flashes. B, Three flashes C, Five flashes. 
 
 
Figure A3.4. Biological replicates of the control strain for the variable fluorescence 
decay measurement with bicarbonate and/or formate addition. A, 25 mM formate 





Figure A3.5. Biological replicates for the thermoluminescence characteristics of control 
strain. Cells were excited by a single actinic flash at -10 ˚C, and thermoluminescence 
data were recorded in the - 40 ˚C to 80 ˚C temperature range in the absence of DCMU 











Figure A3.6. Biological replicates for the photodamage assays of the control strain in 
the presence of DMBQ and K3Fe(CN)6. High light (HL) was 2000 mol photons m–2s–1 



































R script for low temperature fluorescence data analysis (440 nm) 




#Create matrix with first row as wavelength 
Raw_Array=matrix(nrow=Number_Rows,ncol=1) 
for(i in 1:203)  
  Raw_Array[i,1]=i+578 
Baseline_Corrected_Array<-Raw_Array 
PSI_Normalised_Array<-Raw_Array 
#Open each file and add data (column 3) to matrix 
for (i in filenames) 
{Raw_Data<-read.csv(i, header=FALSE, sep=",", 
                     col.names=c("Wavelength", "UnUsedColumn", 
                                 gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) 
  Sample_Data<-as.matrix(Raw_Data[,3]) 
  Raw_Array<-cbind(Raw_Array, Sample_Data)  #Add this sample column to end of 
array} 
filenames  #Debugging 
Raw_Array  #Debugging 
Number_Of_Samples<-dim(Raw_Array)-1 
#plot(Raw_Array[,1],Raw_Array[,2], type="l") 
x<-Raw_Array[,1]-500  #Remove 500 nm from wavelength - keeps parameters of 
similar magnitude 




#Formula for each emission peak -Gaussian, not necessarily the best approximation - 
should be asymetric 
Calculated_Curve<-function(Wavelength,a,b,c) 
{a*exp((-(Wavelength-b+500)^2)/(2*c^2))} 
#Formula for the baseline -> power function - for lack of a better alternative? 
Calculated_Baseline<-function(Wavelength,a,b,c){ 
 # a*exp((-b/1000)*Wavelength)+c 
  a*10*Wavelength^(-b/10)+c} 




  Calculated_Baseline (Wavelength,b1,b2,b3)+ 
  Calculated_Curve (Wavelength,pa1,pb1,pc1)+ 
  Calculated_Curve (Wavelength,pa2,pb2,pc2)+ 
  Calculated_Curve (Wavelength,pa3,pb3,pc3)+ 
  Calculated_Curve (Wavelength,pa4,pb4,pc4)+ 
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  Calculated_Curve (Wavelength,pa5,pb5,pc5)+ 
    Calculated_Curve(Wavelength,pa6,pb6,pc6)} 
#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 
Start_params<-(list(b1=500,b2=10,b3=-5, 
                   pa1=50,pb1=727,pc1=10, 
                   pa2=25,pb2=685,pc2=5, 
                   pa3=15,pb3=695,pc3=4, 
                   pa4=5,pb4=645,pc4=5, 
                   pa5=5,pb5=665,pc5=5, 
                   pa6=5,pb6=760,pc6=5)) 
Upper_params<-(list(ub1=1000,ub2=100,ub3=30, 
                   ua1=80,ub1=730,uc1=25, 
                   ua2=50,ub2=688,uc2=7, 
                   ua3=50,ub3=698,uc3=10, 
                   ua4=10,ub4=655,uc4=10, 
                   ua5=10,ub5=670,uc5=20, 
                   ua6=20,ub6=780,uc6=50)) 
Lower_params<-(list(lb1=100,lb2=5,lb3=-25, 
                   la1=5,lb1=720,lc1=2, 
                   la2=5,lb2=682,lc2=3, 
                   la3=5,lb3=692,lc3=3, 
                   la4=1,lb4=640,lc4=2, 
                   la5=1,lb5=660,lc5=2, 
                   la6=1,lb6=750,lc6=2)) 
#lines(x,Calculated_Baseline(x,Start_params[[1]],Start_params[[2]],Start_params[[3]]),
col="green") 




Data_To_Fit <- data.frame(x = x, y = y) 
#Plot the data on a graph to start with 
#plot(Data_To_Fit$y ~ Data_To_Fit$x, main = "Fitted data", type = "l", 
#     xlim=c(100, 300), ylim=c(0, 100)) 
###Data fitting section 
Fit_Data<-function(y,Sample_Number){ 
#plot(x,y, type="l") 
# Change data to a data frame 
Data_To_Fit <- data.frame(x = x, y = y) 
#Debugging - print the data series 
#str(Data_To_Fit) 
Model_Spectra <- nls(y ~ Simulated_Spectra(x, b1, b2,b3, 
                                     pa1, pb1, pc1,  
                                     pa2, pb2, pc2,  
                                     pa3, pb3, pc3,  
                                     pa4, pb4, pc4, 
                                     pa5, pb5, pc5, 
                                     pa6, pb6, pc6), 
            data = Data_To_Fit, start = Start_params, trace = T, 
            algorithm="port", 
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            upper=Upper_params, 
            lower=Lower_params, 
            control=nls.control(maxiter = 5000, tol = 1e-04, minFactor = 1/1000, 
            printEval = FALSE, warnOnly = TRUE) ) 
summary(Model_Spectra) 
 plot (Data_To_Fit$y ~ Data_To_Fit$x, main = filenames[Sample_Number], type = "l", 
      xlim=c(100, 300), ylim=c(0, 100)) 
#Extract fitted values 
Fit_Parameters<-coef(Model_Spectra) 
#Draw the baseline on the graph 
lines(x,Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Paramete
rs["b3"]),col="green") 
#Draw each individual peak on the graph 
for (p in 1:6) 
{lines(x,Calculated_Curve(x,Fit_Parameters[p*3+1],Fit_Parameters[p*3+2],Fit_Param
eters[p*3+3]),col="red")} 
#Draw simulated spectra on graph 
lines(x,  fitted(Model_Spectra), lty = 1, col = "magenta") 
lines(x, y-
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b3






#Fit an individual spectrum 
Fit_Data(Raw_Array[,3]*100,1) 
#Fit all csv files - 1st column is the wavelength data 
for (d in 2:(Number_Of_Samples[2]+1)){ 
  Model<-Fit_Data(Raw_Array[,d]*100,d-1) 
  Baseline_Corrected_Array<-cbind(Baseline_Corrected_Array, Model) 
  PSI_Normalised_Array<-cbind(PSI_Normalised_Array, 
Model/mean(Model[127:131])) 
  colnames(PSI_Normalised_Array)[d] <-  sub(".csv", "", filenames[d-1], 
ignore.case=TRUE)     














R script for low temperature fluorescence data analysis (580 nm) 




#Create matrix with first row as wavelength 
Raw_Array=matrix(nrow=Number_Rows,ncol=1) 
for(i in 1:Number_Rows)  
  Raw_Array[i,1]=i+598 
Baseline_Corrected_Array<-Raw_Array 
PSI_Normalised_Array<-Raw_Array 
#Open each file and add data (column 3) to matrix 
for (i in filenames){ 
  Raw_Data<-read.csv(i, header=FALSE, sep=",", 
                     col.names=c("Wavelength", "UnUsedColumn", 
                                 gsub(".csv", "", i, ignore.case=TRUE), "UnUsedColumn")) 
  Sample_Data<-as.matrix(Raw_Data[,3]) 
  Raw_Array<-cbind(Raw_Array, Sample_Data)  #Add this sample column to end of 
array} 
filenames  #Debugging 
filenames<-gsub("580","",filenames) 
Raw_Array  #Debugging 
Number_Of_Samples<-dim(Raw_Array)-1 
#plot(Raw_Array[,1],Raw_Array[,2], type="l") 
x<-Raw_Array[,1]-550  #Remove 500 nm from wavelength - keeps parameters of 
similar magnitude 




#Formula for each emission peak -Gaussian, not necessarily the best approximation - 
should be asymetric 
Calculated_Curve<-function(Wavelength,a,b,c){ 
  a*exp((-(Wavelength-b+550)^2)/(2*c^2))} 
#Formula for the baseline -> power function - for lack of a better alternative? 
Calculated_Baseline<-function(Wavelength,a,b,c){ 
 # a*exp((-b/1000)*Wavelength)+c 
  a*1000*Wavelength^(-b/10)+c} 




  Calculated_Baseline(Wavelength,b1,b2,b3)+ 
  Calculated_Curve(Wavelength,pa1,pb1,pc1)+ 
  Calculated_Curve(Wavelength,pa2,pb2,pc2)+ 
  Calculated_Curve(Wavelength,pa3,pb3,pc3)+ 
  Calculated_Curve(Wavelength,pa4,pb4,pc4)+ 
  Calculated_Curve(Wavelength,pa5,pb5,pc5)+ 
  Calculated_Curve(Wavelength,pa6,pb6,pc6)+ 
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    Calculated_Curve(Wavelength,pa7,pb7,pc7)} 
#Ballpark starting values, plus upper and lower - only used for "Port" algorithum 
Start_params<-(list(b1=125,b2=20,b3=-2, 
                   pa1=5,pb1=617,pc1=3, 
                   pa2=40,pb2=650,pc2=5, 
                   pa3=50,pb3=665,pc3=5, 
                   pa4=50,pb4=685,pc4=5, 
                   pa5=50,pb5=695,pc5=5, 
                   pa6=25,pb6=727,pc6=10, 
                   pa7=5,pb7=755,pc7=10)) 
Upper_params<-(list(ub1=1000,ub2=100,ub3=30, 
                   ua1=25,ub1=620,uc1=7, 
                   ua2=80,ub2=655,uc2=7, 
                   ua3=80,ub3=670,uc3=10, 
                   ua4=80,ub4=688,uc4=8, 
                   ua5=80,ub5=698,uc5=8, 
                   ua6=50,ub6=735,uc6=50, 
                   ua7=20,ub7=770,uc7=50)) 
Lower_params<-(list(lb1=100,lb2=5,lb3=-25, 
                   la1=2,lb1=612,lc1=2, 
                   la2=20,lb2=645,lc2=3, 
                   la3=20,lb3=660,lc3=3, 
                   la4=20,lb4=680,lc4=1, 
                   la5=20,lb5=690,lc5=2, 
                   la6=5,lb6=723,lc6=2, 
                   la7=3,lb7=735,lc7=2)) 
#lines(x,Calculated_Baseline(x,Start_params[[1]],Start_params[[2]],Start_params[[3]]),
col="green") 




Data_To_Fit <- data.frame(x = x, y = y) 
#Plot the data on a graph to start with 
#plot(Data_To_Fit$y ~ Data_To_Fit$x, main = "Fitted data", type = "l", 
#     xlim=c(100, 300), ylim=c(0, 100)) 
###Data fitting section 
Fit_Data<-function(y,Sample_Number) 
{#plot(x,y, type="l") 
# Change data to a data frame 
Data_To_Fit <- data.frame(x = x, y = y) 
#Debugging - print the data series 
#str(Data_To_Fit) 
#Actual data fitting call 
Model_Spectra <- nls(y ~ Simulated_Spectra(x, b1, b2,b3, 
                                     pa1, pb1, pc1,  
                                     pa2, pb2, pc2,  
                                     pa3, pb3, pc3,  
                                     pa4, pb4, pc4, 
                                     pa5, pb5, pc5, 
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                                     pa6, pb6, pc6, 
                                     pa7, pb7, pc7), 
            data = Data_To_Fit, start = Start_params, trace = T, 
            algorithm="port", 
            upper=Upper_params, 
            lower=Lower_params, 
            control=nls.control(maxiter = 5000, tol = 1e-04, minFactor = 1/1000, 
            printEval = FALSE, warnOnly = TRUE) ) 
#print out some info 
summary(Model_Spectra) 
plot(Data_To_Fit$y ~ Data_To_Fit$x, main = filenames[Sample_Number], type = "l", 
      xlim=c(50, 250), ylim=c(0, 100)) 
#Extract fitted values 
Fit_Parameters<-coef(Model_Spectra) 
#Draw the baseline on the graph 
lines(x,Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Paramete
rs["b3"]),col="green") 
#Draw each individual peak on the graph 
for (p in 1:7){ 
lines(x,Calculated_Curve(x,Fit_Parameters[p*3+1],Fit_Parameters[p*3+2],Fit_Parame
ters[p*3+3]),col="red")} 
#Draw simulated spectra on graph 
lines(x,  fitted(Model_Spectra), lty = 1, col = "magenta") 
lines(x, y-
(Calculated_Baseline(x,Fit_Parameters["b1"],Fit_Parameters["b2"],Fit_Parameters["b3






#Fit an individual spectrum 
#Fit_Data(Raw_Array[,12]*100,1) 
#Fit all csv files - 1st column is the wavelength data 
for (d in 2:(Number_Of_Samples[2]+1)){ 
  Model<-Fit_Data(Raw_Array[,d]*100,d-1) 
  #Add data column to end of baseline + normalised data arrays 
  Baseline_Corrected_Array<-cbind(Baseline_Corrected_Array, Model) 
  PSI_Normalised_Array<-cbind(PSI_Normalised_Array, 
Model/mean(Model[127:131])) 
  #Add columns (sample) labels to the first row 
  colnames(Baseline_Corrected_Array)[d] <-  sub(".csv", "", filenames[d-1], 
ignore.case=TRUE) 













R script for fluorescence induction  
#Read list of spectra (.txt) files in directory 
filenames<-list.files(pattern='*.txt', ignore.case=TRUE) 
filenames #Debugging 
Raw_Data=read.table(filenames[1],skip = 5)  
Number_Datapoints=114 
#Load in Sample names 
Samples_Raw=read.table(filenames[1],skip = 4) 
Sample_Names=matrix(nrow=1,ncol=ncol(Raw_Data)) 
for (c in 1:ncol(Raw_Data)) 









for (q in 2:ncol(Raw_Data)){ 
   for (p in 1:nrow(Fo_Array)){ 
      Fo_Array[p,q]<-Raw_Data[p*2,q]}} 
colnames(Fo_Array)=Sample_Names 
Fo_Array 
#Add time information to column number 1 ->subtract 0.001 starting point 
for (d in 1:Number_Datapoints){ 
  Pre_Flash_Array[d,1]<-(Raw_Data[d*2+7,1]-0.001) 
  Measuring_Flash_Array[d,1]<-(Raw_Data[d*2+8,1]-0.001)} 
#Add other data as is 
for (c in 2:ncol(Raw_Data)){ 
  for (d in 1:Number_Datapoints){ 
     Pre_Flash_Array[d,c]<-Raw_Data[d*2+7,c] 
     Measuring_Flash_Array[d,c]<-Raw_Data[d*2+8,c]} 
Measuring_Flash_Array #Debugging 
Pre_Flash_Array #Debugging 
#Also make series of mfmsub type measurements 
Subtracted_Flash_Array=Measuring_Flash_Array-Pre_Flash_Array 
  #Need to fix the time column -> use measuring flash time points 
  Subtracted_Flash_Array[,1]<-Measuring_Flash_Array[,1] 
  Subtracted_Flash_Array 
#Graphing stuff 
    plot(Pre_Flash_Array[,1],Pre_Flash_Array[,2], type="l",log = "x",ylim=c(0, 1.5)) 
      for (e in 3:ncol(Pre_Flash_Array)) 




    plot(Measuring_Flash_Array[,1],Measuring_Flash_Array[,2], type="l",log = 
"x",ylim=c(0, 3)) 
      for (e in 3:ncol(Measuring_Flash_Array)) 
        lines(Measuring_Flash_Array[,1], Measuring_Flash_Array[,e]) 
    plot(Subtracted_Flash_Array[,1], Subtracted_Flash_Array[,2], type="l",log = 
"x",ylim=c(0, 3)) 
      for (e in 3:ncol(Subtracted_Flash_Array)) 
        lines(Subtracted_Flash_Array[,1], Subtracted_Flash_Array[,e]) 
#Time to subtract Fo from subtracted data 
Subtracted_Flash_Array_SubFo<-Subtracted_Flash_Array 
for (h in 2:ncol(Subtracted_Flash_Array)){ 





#Graph Fo minus data 
plot(Subtracted_Flash_Array_SubFo[,1],Subtracted_Flash_Array_SubFo[,2], 
type="l",log = "x",ylim=c(0, 1)) 
for (e in 3:ncol(Subtracted_Flash_Array_SubFo)) 
  lines(Subtracted_Flash_Array_SubFo[,1],Subtracted_Flash_Array_SubFo[,e]) 
Subtracted_Flash_Array_SubFo 
#Output data to a csv file 
dir.create ("Output", showWarnings = TRUE, recursive = FALSE) 
write.csv (Subtracted_Flash_Array_SubFo, 
"Output/Subtracted_Flash_Array_SubFo.csv", row.names=FALSE) 
write.csv (Subtracted_Flash_Array, "Output/Subtracted_Flash_Array.csv", 
row.names=FALSE) 
write.csv(Pre_Flash_Array, "Output/Pre_Flash_Array.csv", row.names=FALSE) 
write.csv(Measuring_Flash_Array, "Output/Measuring_Flash_Array.csv", 
row.names=FALSE) 
write.csv(Fo_Array, "Output/Fo_Array.csv", row.names=FALSE) 
 
 
 
 
